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"RECYCLING A WAFER COMPRISING A BUFFER LAYER, AFTER 
HAVING TAKEN OFF A THIN LAYER THEREFROM" 

The present invention relates to the recycling of a donor wafer comprising a 
5 buffer layer after transfer of a thin semiconductor layer from the donor wafer to a 
receiving substrate. 

The term "buffer layer 5 ' generally refers to a transition layer between a first 
in tri ct if ich i 4 st i i md a second ci dime structure u 
the prime function of modifying properties of the material, such as structural or 
10 stoichiometric properties or atomic surface recombination properties. 

In the particular case of a buffer layer, the latter may make it possible to 
obtain a second crystalline structure, the lattice parameter of which differs 
u t : nti ill from that of the substrate. 

To this end, the buffer layer may have a composition which varies gradually 
.1 5 with thickness, the gradual variation of components of the buffer layer then being 
directly associated with a gradual variation of its lattice parameter. 

It may also have a more complex htm such as a variation in composition 
with a variable rate, a sign inversion of the rate or discontinuous jumps in 
composition, possibly completed with a constant composition layer for containing 
20 defects. 

Mention is then made of a metamorphic (buffer) layer or of a nietanwrphic 
embodiment, such as a metamorphic epitaxy. 

Produced on the buffer layer, a layer or a superposition of layers may be 
taken off from die donor wafer in order to be transferred to a recei ving substrate, in 
ord * t< pi ' e a particuiax structure 

One of the major applications of transferring thin layers formed on a buffer 
layer relates to the formation of strained silicon layers. 

A layer is made of a material which is "strained" in tension or in 
compression if its lattice parameter in the interface plane is respectively greater or 
3 0 less than its nominal lattice parameter. 

Otherwise, a layer is said to be made of a "relaxed" material if the latter is 
substantially close to its nominal lattice parameter, a nominal lattice parameter 
i 1 v pa aeter of the material in its bulk form in equilibrium. 
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When a layer i$ made of silicon strained in tension, some properties, such as 
the electron < i i , are clearly improved. 

Other materials, such as for example SiGe, may also be subject to a 
substantially similar taking-ott 
5 The transfer of such layers onto a receiving substrate in particular by a 

process called Smart-cnt€>, and known to a person skilled in the art, then makes it 
possible to produce structures such as SOI (Semiconductor On Insulator) 
structures. 

For example, after taking a layer off relaxed SiGe, the structure obtained 

1 0 may then act as a support for growing silicon. 

Since the nominal lattice parameter of SiGe (dependent on the germanium 
content) is greater than the nominal lattice parameter of silicon, growth of silicon 
on tiie SGOt (Silicon-Germanium On Insulator) pseudo-substrate obtained makes 
it possible to provide the silicon layer strained in tension. 

15 As an illustration, an example of soch a process is described in the IBM 

document by L. J. Huang et at. ("SiGe-On-lnsulator prepared by wafer bonding and 
layer transfer for high-perfom>ance field-effect transistors", Applied Physics 
Letters, 26702/2001, vol. 78, No. 9) in which a method of producing an Si/SGOI 
structure is presented. 

20 Another examples of such a process is given in the document US 

2002/007481 . 

Other applications of metamorphic growth are possible, especially with 
semiconductors of the 1II-V family. 

Thus, transistors are commonly produced using GaAs-based or InP-based 

2 5 technologies. 

In terms of electron performance, InP has a substantial advantage over GaAs. 
in particular, a combination of an InP layer and an InGaAs or InAlAs layer makes 
it possible to improve electron mobilities. 

However, the ability to market components using InP technology is limited 

3 0 faced with GaAs technology, particularly in terms of cost, availability, mechanical 

weakness and the size of bulk substrates (the maximum diameter for InP typically 
being 4 inches compared with 6 inches for OaAs). 

A solution to this problem seems io be found with reference to a receiving 
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substrate, an InP layer taken off and obtained by metamorphic epitaxy of a buffer 
layer on a OaAs substrate. 

Certain taking-off" processes, such as a process of the "etch-back" type, then 
lead to destruction of the remaining part of the substrate and of fee buffer layer 
S during taking-off. 

In some other taking-off processes, such as a Smart-cut© process, the 
f M i< rec ck 1 but the buffi r la> r is lost 
However fh complex 
Optimizing and producing such a buffer layer may therefore involve a 
1 0 lengthy, difficult and expensive operation. 

Furthermore, Internal strains due to the variations in composition may cause 
the appearance of a high rate of crystalline defects, such as dislocations and point 
defects, 

These internal strains, and therefore the generation of defects, may be 
15 minimized in particular by increasing the thickness over which the lattice 
parameter varies. 

It is mainly for this reason that the buffer layers usually produced are thick, 
with a typical thickness ranging from one to a tew micrometers. 

However, economic and technical restraints limit some essential properties 
2 0 of the buffer layer, such as its thickness or a certain structural complexity. 

For all these reasons among others, it would be wise to avoid completely 
forming a buffer layer after each recycling of the substrate. 

The present invention intends to achieve this aim by providing, according to 
a first aspect, a method of recycling a donor wafer after having taken off at least 
25 one useful layer of a material chosen from semiconductor materials, the donor 
wafer comprising successively a substrate, a buffer structure and, before taking- 
off, a useful layer, tire method comprising removal of substance on the side of the 
donor wafer where the taking-off took place, characterized in that, after removal of 
substance, at least a part of the. buffer structure remains, this at least part of the 
30 buffer structure can then be reused as a buffer structure for a subsequent useful 
layer taking-off. 

In a preferred aspects of the method of recycling according to the invention, 
a protective layer is further present in the donor wafer so that at least a part of the 
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buffer structure underlying it; the material of the protective layer being chosen 
from crystalline materials such that means for removing substance has an etching 
power which is substantially different for the material of the protective layer than 
for the material of at least one of the two adjacent zones, and thus is able to operate. 
5 a selective removal of substance. 

According to a second aspect., the invention provides a method of producing 
a donor wafer intended to provide a useful layer by taking-off and capable of being 
recycled after taking-off according to said preferred method of recycling, 
characterized in that it comprises the following steps: 
1 0 - formation of a first part of a buffer structure on a substrate; 

- formation of a protective layer on the first part of the buffer structure, in a 
material chosen from crystalline materials; 

- formation on the protective layer of the second part of the buffer structure, 
such that it has a lattice parameter in the vicinity of the protective layer 

1 5 substantially the same as that of the .first part of the buffer structure in the 

vicinity of the protecti ve layer. 
According to a third aspect the invention provides a method of taking off a 
useful layer on a donor wafer in order to be transferred to a receiving substrate, 
lamei i m that i nip 
2 0 (a) bonding the donor water to the receiving substrate; 

(b) detaching a useful layer bonded to the receiving substrate from the 
donor wafer, 

(c) recycling the donor wafer according to said method of recycling. 
According to a fourth aspect, the invention provides a method of cyclically 

25 taking off a useful layer from a donor wafer, characterized in that it comprises 

several steps of taking off a useful layer, each of these steps complying with the 

said method of taking-off. 

According to a fifth aspect, the invention provides an application of the said 

method of cyclically taking-off or of the said method of taking-off for producing a 
30 structure comprising the receiving substrate and die useful layer, foe useful layer 

comprising at. least one of the following materials: 

StGe, Si, an alloy belonging to the HI-V family, the composition of which is 
respectively chosen from the possible (Al ? Ga4»>(N,P,As) combinations. 
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According to a sixth aspect, the invention provides donor wafers complying 
with the said methods according to fee invention. 

Other aspects, aims and advantages of the present invention will become 
more clearly apparent on reading the folios ing detail d ription o perath 
5 the preferred methods thereof, given by way of non-limiting example and made 
with reference to the appended, drawings in which: 

Figure 1 shows a donor wafer according to the prior art. 
. Figure 2 shows a donor wafer after taking-off. 
Figure 3 shows a donor wafer after a first recycling step. 
I 0 Figure 4 shows a first donor wafer according to the present invention. 

Figure 5 shows a second donor wafer according to the present invention. 
Figure 6 shows a third donor wafer according to the present invention. 
Figure 7 shows the various steps of a method according to the invention 
successively comprising taking-off of a thin layer from a donor wafer and 
1 5 recycling of the donor wafer after taking-off. 

The main object of the present invention consists in recycling a wafer 
comprising a buffer structure (i.e. any structure behaving as a buffer layer), after at 
least one useful layer has been taken off the wafer so as to integrate this useful 
layer into a semiconductor structure, the recycling including at least partial 
20 recovery of the buffer structure so that it can be reused in a subsequent taking-off. 

The said recycling operation must therefore comprises a suitable treatment 
which does not damage at least part of the buffer structure. 

Indeed, a buffer structure usually contains crystaliographio defaults, such as 
dislocations, which can propagate and increase in size in an important manner 
25 when energy is supplied on it, this energy could provide from thermal treatments, 
chemical process or mechanical process. 

For instance, if a buffer structure of SiGe is heated at a temperature of 
350°C, 450°C or 550°C, the structural state change with respect to fee temperature 
chosen (see tor instance the document" "Structural characterisation and stability of 
3 0 Si I -xGex/$i( r uctures grown by molecular beam epi t axy" of Re et ah, 

in fee Journal of Crystal Growth, vol 22?~22S 5 pp. 749-755, July 2001). With the 
increase of temperature, the buffer structure will tend to decrease its internal stress 
by relaxing them in slip planes, stacking defaults or other structural relaxation 
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types. This can bring some future difficulties at the interface with the useful layer 
to he formed. It is then important to keep these internal stress confined in the 
buffer structure. 

Recycling must then carried out in a manner, with adapted means for 
5 recycling, so as to prevent and limit the extension of these crystal! i 

the buffer structure which can damage its properties and which can thus damage 
the properties of the -useful layer formed on it 

Advantageously, the buffer structure has a cryptographic structure which is 
substantially relaxed and/or without a noteworthy number of structural delects on 
10 the surface. 

A "buffer layer" is as already defined more generally above in this 
document. 

Advantageously, a buffer layer is comprised in the buffer structure and has at 
least one of the two following functions: 
15 i . decreasing the density of defects in the upper layer; 

2. matching a lattice parameter of two crystailographic structures 
with different lattice parameters. 

With regard to the second function of the buffer layer, the latter is an 
20 interlayer between tire two structures, and around one of its faces it has a first 
lattice parameter substantially identical to that of the first structure and around its 
other face, it has a second lattice parameter substantially identical to that of the 
second structure. 

In the rest of this document, the buffer layers or structures described will in 
25 general comply with this latter buffer layer. 

However, the present invention also relates to any buffer layer or any buffer 
structure as defined in this document in the most general manner. 

Furthermore, an example of a method according to the invention will be 
described below, including recycling a donor wafer of a useful layer by takiog-off, 
3 0 the donor wafer initially consisting of a support substrate and a buffer structure. 

With reference to Figure I, a donor wafer 10 (donor of a thin layer by taking- 
off) included in the known prior art consists of a support substrate 1 and a buffer 
structure I. 



WO 2004/019404 PCT/i 82 003/004 1 43 

- 7 - 

The application for this donor wafer 10 in the present invention is that of 
taking off a useful layer, from the part 4 of the buffer structure I and/or at least part 
of an overlayer formed on the surface of the buffer structure I (not shown m 
Figure 1), in order to integrate it into a structure, such as an SOI structure. 
5 The support substrate 1 of the donor water 10 comprises at least one 

semiconductor layer having a first lattice parameter at its interface with the buffer 
structure L 

.la a particular configuration,, the support substrate 1 consists of a single 
semiconductor having the first lattice parameter. 
10 In a first configuration of the buffer stracmre l t the latter consists of a buffer 

layer 2. 

The buffer layer 2, located on the support substrate 1, in fins ease makes it 
possible to present at its surface a second lattice parameter substantially different 
from the first lattice parameter of the substrate L and thus to have, in the same 
IS donor wafer it), two layers I and 4 respectively having different, lattice parameters, 

Furthermore, the buffer layer 2 may make it possible, in some applications, 
for the overlying layer to prevent the latter from containing a high defect density 
and/or being subject to noticeable stresses. 

Furthermore, the buffer layer 2 may make it possible, in some applications, 
2 0 for the overlying layer to have a good surface condition. 

In general, the buffer layer 2 has a lattice parameter which changes gradually 
with thickness in order to establish the transition between the two lattice 
parameters. 

Such a layer is generally called a meiamorphic layer. 
2 5 This gradual change of the lattice parameter may be produced continuously 

within the thickness of the buffer iayer 2. 

Alternatively, it may be carried out in "stages", each stage being a thin layer 
with a substantially constant lattice parameter which is different to that of the 
underlying stage, so as to discretely change the lattice parameter stage by stage. 
30 It may have also have a more complex form, such as a variation in 

composition with a variable rate, a sign inversion of the rate or discontinuous 
jumps in composition. 

The change of the lattice parameter in tire buffer layer 2 is advantageously 
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found by increasing therein, stalling from the substrate 1, in a gradual manner, the 
concentration of at Least one atomic element which is not contained in the substrate 
L 

Thus, for example, a buffer layer 2 produced on a substrate 1 made of a 
5 unitary material could be made of a binary, tertiai quati 1 •• her material. 

Thus, for example, a buffer layer 2 produced on a substrate I made of a 
binary material could be made of a tertian', quaternary or higher material. 

The buffer layer 2 is advantageously produced by growth on the support 
substrate 1, for example by epitaxy, using known techniques such as the CVD and 
10 MBE techniques (abbreviations for "Chemical Vapour Deposition" and 
"Molecular Beam Epitaxy", respectively). 

In general, the buffer layer 2 may be produced by any other known method, 
in order to obtain, for example, a buffer layer 2 consisting of an alloy of various 
atomic elements. 

1 5 A minor step of finishing fee surface of the substrate .1 underlying the buffer 

layer 2, for example by CMP polishing, may possibly precede the production of 
the buffer layer 2. 

in a second configuration of the buffer structure I, and with, reference to 
Figure 1, the buffer structure I consists of a buffer layer 2 (substantially identical to 
2 0 that of fee first configuration) .and of an additional layer 4. 

The additional layer 4 may be between the substrate 1 and fee buffer layer 1, 
or on the buffer layer 1, as shown in Figure 1 . 

In a first particular ease, tins additional layer 4 may constitute a second 
buffer layer, such as a buffer layer making it possible to confine defects, and thus 
2 5 to improve the crystalline quality of a layer produced on fee buffer structure L 

This additional layer 4 is made of a semiconductor preferably having a 
constant material composition. 

The choice of the composition and of the thickness of such a buffer layer 4 to 
be produced are then particularly important criteria to achieve this property. 
30 Thus, for example, the structural defects ?n an epitaxiaily grown layer 

• ease gradually within the thickness of this layer. 
In a second particular case, fee additional layer 4 is located on the buffer 
layer 1 and functions as an tipper layer to the buffer layer 2. 
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Thus it may fix the second lattice parameter. 

In a third particular case, the additional layer 4 is located on the buffer layer 
1 and plays a role in the tafcing-off that will he carried out in the donor wafer 10, 
such as a ta f a its level 
5 The additional layer may also have several filiations, such as functions 

chosen from these last three particular cases. 

k an advantageous configuration* the additional layer 4 is located on the 
•buffer layer 2 and has a second lattice parameter different from the first lattice 
parameter of the support substrate 1. 
10 hi a particular case of this latter configuration, the additional layer 4 is made 

of a material relaxed by the buffer layer 2, and has the second lattice parameter. 

The additional layer 4 is advantageously produced by growth on the buffer 
layer 2, for example by epitaxial growth by CVD or MBE. 

In a first embodiment, the growth of the additional layer 4 is carried out 
1 5 in situ, directly in continuation with the formation of the underlying buffer layer 2, 
tl ' i te; '1 o in thi ca e being ad w i u>Ay termed h\ layt t t rowth 

In a second embodiment, the growth of the additional layer 4 Is earned out 
■after a minor step of finishing the surface of the underlying buffer layer 2, far 
example by CMP polishing, heat treatment or other smoothing techniques such 
20 that the dislocations and other defaults contained in the buffer layer 2 don't 
propagate, don't Increase in size and don't create any slip planes, stacking defaults 
or other defaults which can decrease the quality of the final buffer structure I thus 
formed, 

The taking-off of a useful layer from the donor wafer 10 is operated 
2 5 according to one of the following main modes: 

( 1 } the useful layer to be taken off is part of the additional layer 4. 
(2) the useful layer to be taken off Is part of an overlayer (not shown in Figure 1) 
which has been formed beforehand on the buffer structure I, for example by 
epitaxial growth possibly preceded by finishing the surface of the buffer 
30 structure I. 

The donor wafer 10 then functions as a substrate for the growth of the 
overlayer. 

The latter may comprise one or more thin layers depending on the taking-off 
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mode that it is desired to use. 

Furthermore, advantageously, it has a lattice parameter substantially identical 
to that of die relaxed material of the free face of fee buffer structure I, such 
as a layer of an identical material, or another material which would have all 
or some of its erystaliographie structure strained in tension or m 
compression, or the combination of these two types of material 
in a particular embodiment of the donor wafer 10, one or more interlayers 
are furthermore inserted between the buffer structure i and the overiayer. in 
this case, this or these interlayers are not removed. 
(3) The useful layer to he taken off is part of the additional layer 4 and m 
overiayer (formed in a substantially identical manner to that described in the 
second taldng-off mode). 

Whatever the taking-off mode chosen, and with reference to Figure 2, after 
taking-off and in the majority of cases, projecting parts 7a and/or rough parts 7b 
appear on the taking-off surface of the remaining donor wafer 10. 

This taking-off surface "in relief belongs to a post-taking-off layer 7 located 
above the buffer layer 2. 

This post-takmg-off layer 7 consists of aU or some of the layer 4, possibly 
one or more interlayers and possibly part of an overiayer depending on the taking- 
i off mode chosen from the three previously discussed taking-off modes. 

The parts 7a and 7b in relief appearing on the surface of the post-taking-off 
layer 7 mainly depend on the taking-off mode and on the technique operated 



♦ Thus, for example, a taking-off mode currently used in industry 
consists in talcing off the useful layer not over the entire surface of the donor 
wafer 10, but only over part of the latter (winch is generally a substantially 
centred part) leaving, on the surface of the donor wafer 10, projecting parts, 
such as those referenced 7a. These projecting parts are generally integral and 
located at the periphery of the surface of the donor wafer 10, all the projecting 
parts then being known in the business as "taking-off ring". 

* Thus, for example, known taking-off techniques such as, for example, 
those that we will study further and later on in this document, such as the 
Smart-cut© technique already mentioned, sometimes cause surface toughness 
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sucl is thai • n ^ l onto 1 1 off surface. 
Once {fie taking-off is carried out, recycling according to the Invention is 
operated in order to restore the donor wafer 10. 
Generally- recycling comprises two steps: 
5 * removing substance; 

* restoring at least rtoftl tanor wafer 10, 
The first step of recycling according to the present invention consists in 
removing at least the relief pans 7a and ?b (shown in Figure 2). 

This removal of substance according to the invention is operated such that, 
1 0 after the removal, at least part of the buffer structure I remains, which can be used 
again during subsequent taking-off of anew useful layer. 

The remaining part of the buffer structure I, after removal of substance,, is 
thus recycled, unlike the known recycling of the prior art. 

in a first particular case of recycling, and concerning the said second mode 
1 5 of taking-off (2), it could be advantageous to choose a thickness of the overiayer so 
that, alter taking-off, the remaining part of the overiayer (which is the post-taking- 
off layer 7) is removed by standard mechanical means for removing substance, 
such as polishing means or CMP, without removing substance from the safe buffer 
structure 1, and thus preserve the entire buffer structure i 
20 Thickness of material removed during the recycling by standard 

mechanical means like polishing is typically of around 2 micrometers, even if 
current development succeeds to reach thickness around 1 micrometer. 

In a second particular case of recycling, and concerning the said second 
mode of taking-off (2), it could be advantageous to chose a thickness of the 
2 5 overiayer and of the additional layer 4 so that after taking-off, the remaining part 
of the overiayer (which, is the post-taking-off layer 7) and at least a part of the 
additional layer 4 is removed by standard mechanical means for removing 
substrate eh a . < bout removing substance from the 

safe buffer layer % and thus preserve the entire buffer layer 2,For another 
30 particular ease of recycling, the removal of substance advantageously comprises 
using of me t i materials, such as chemical etching. 

The etching may be solely chemical, eleetrochenncai, photo-elecirochejnical, 
or any other equivalent etching, such as the etching used daring 



WO 2004/tm>4»4 PCT/TB2003/O04U3 

~ 12 - 

chemical-mecfcmicaipoHshiag. 

In m ad\ antageous < n hang mode, selective etching is earned out. 

Thus, in particular, it is possible to use an etching fluid (thai is to say a gas or 

a solution) suitable for carrying out selective etching of a material to be removed 
5 from a materia! to be recycled, the two materials belonging to adjacent layers, so 

that the material to be recycled forms an etch-stop layer, thus efficiently taking off 

the part to be removed while protecting the layer to be recycled from the chemical 

etching. 

The property of selectivity between the two materials may, for example, be 
1 0 obtained in at least one of the following cases: 
~ the two materials are different; or 

- the two materials contain atomic elements which are substantially 
identical except for at least one atomic element; or 

- the two materials are substantially identical, but at least one atomic 
15 element in one material has an atomic concentration which Is substantially 

different from that of the same atomic element in the other material; or 

- the two materials have different porosity densities. 

It is fcaown, for example, that SiGe behaves as a stop layer when, etching Si 
with a solution containing compounds such as KOH (potassium hydroxide, 
20 selectivity of about 1:300), NH*0H (ammonium hydroxide, selectivity of about 
1 : 100) or TMAH (tetraniethyi ammonium hydroxide). 

It is known, for example, that when SiGe has a germanium concentration 
greater than or equal to 25%, it behaves as a stop layer when etching SiGe having a 
germanium concentration less than or equal to 20%, with a solution containing 
2 5 compounds such as TMAH. 

ft is known, for example, that if Si is suitably doped with a doping element at 
a selected concentration, such as boron at more than 2 x 10 15 cm"*, it behaves as a 
stop layer when etching an undoped Si material with a solution containing 
compounds such as EDP (ethylene-diamine pyrocatechol), KOH or N1H2 
30 (hydrazine). 

It is known, for example, that porous Si is etched by selective etching with 
respect to non-porous crystalline Si, with a solution containing compounds such as 
KOHorHF + HzQz. 
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Thus it is possible to selectively etch the additional layer 4 with respect to 
the buffer layer 2, and/or the possible overiayer wife respect to the additional layer 
4 or the possible mterfayer. 

This removal of substance by chemical means may also be accompanied by 
5 using meohanii .-1 means for attacking substance or other means. 

In particular, it is possible to carry out CMP polishing with a selective 
chemical etching solution. 

This chemical etching may also be preceded or followed by a removal of 
substance operated by mechanical means of eroding substance such as polishing, 
1 0 grinding, attack or by any other means. 

m general, the removal of substance may comprise using any other means of 
attacking substance capable of removing substance without completely taking off 
and damaging at least part of the buffer structure I 

One of the following substance removal modes is therefore used: 
15 (a) removing part of the posMakmg~off layer 7 comprising at 

least the relief parts 7a and 7b; or 

(b) removing the entire posi-taking-off layer 7; or 

(c) removing the entire post-taMng-off layer 7 and part of the 
buffer layer 2. 

20 If the posi-taking-off layer 7 comprises part of an original overiayer, the 

substance removal mode (a) then preferably comprises completely taking off this 
overiayer part. 

With reference to Figure 3, the part of the original buffer structure which 
remains «r, i u tai e i emoval is referenced V. 
25 It consists of: 

- the came ox fmat b sffi i structure 1 when the substance removal mode (a) 
was used and when the latter did not involve taking off any part of the additional 
layer 4; or 

- the buffer layer 2 and part of the additional layer 4 when the substance 
30 removal mode (a) was used and when -fee latter involved taking off part of the 

additional layer 4; or 

- the buffer layer 2 when the substance removal mode (b) was used; or 

- part of the buffer layer 2 when the substance removal mode (c) was used. 
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The second recycling step comprises, after the first recycling step relating to 
substance removal, reforming at least some of the layers token off during the first 
step. 

First of ail, and in certain cases, it will be preferred to finish the surface of 
5 the donor wafer 1 0 where the substance removal operated during the first recycling 
tep tool plac o i to take off any rougl 1 iy I pj i during 

the substance removal. 

To this end, for example CMP polishing, a heat treatment or another 
smoothing technique will be used such that the dislocations and other defaults 
10 confined in the buffer structure I don't propagate, don't increase in size and don't 
create any slip planes, slacking defaults or other defaults which can decrease the 
quality of the buffer structure 1. 

This second recycling step involves restoring the buffer structure I from the 
remaining buffer structure 1', when part of the original buffer structure I was 
1 5 removed during the first recycling step. 

Advantageously, the restoration of the buffer structure 1 is such thai, once 
formed, the latter is substantially identical to the original buffer structure I. 

However, in a particular embodiment, it will be possible to slightly alter 
some production parameters in order to obtain a buffer structure 1 which is slightly 
20 different from the original. For example, the concentrations of certain compounds 
in a material will be slightly altered. 

Restoring the buffer structure 1 involves reforming the removed part of the 
buffer layer 2 when part of the original buffer layer 2 was cut away during the first 
recycling step. 

2 5 Restoring the buffer structure I involves reforming all or part of the 

additional layer 4 when ail or part of the original additional layer 4 was cut away 
during the first recycling step. 

In this case, it will be possible to produce an additional layer 4 with a 
thickness substantially identical to or substantially different from the original. 
30 Once the buffer structure I is restored, an overlay er may possibly be formed 

above it, which overlayer will at least partly comprise a new useful layer to be 
• ibly with one or more interlayers between th u t tcmre 1 and 
the overlayer. 
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The layers possibly formed during this second recycling step are 
I 1 ousl 1 ^ed by layer growth oa their respective underlying layers, for 
example by CVD or MBE epitaxial growth. 

In a first case, at least one of these layers is grown in situ, directly in 
5 continuation with the formation of the underlying growth support, the latter also 
1 h rm i in this case ad ly by .! 5 wth 

In a second case, at least one of these layers is grown after a minor step of 
finishing the surface of the underlying growth support, for example by CMP 
polishing, heat treatment or other smoothing techniques, such that the dislocations 
10 and other defaults confined in the buffer structure I don't propagate, don't increase 
in size and don't create any slip planes, stacking defaults or other defaults which 
can decrease the quality of the buffer structure I. 

Thus, a donor wafer 10 which is substantially identical to the original, that is 
to say the donor wafer 10 shown in Figure I, is finally obtained, with the exception 
1 5 of modifications desired and carried out by a person skilled in the art. 

The donor water 10 obtained in this way comprises at least part of the 
original buffer structure I, and therefore at least part of the original buffer layer % 
which makes it possible to avoid its complete, lengthy and expensive reformation, 
as was the ease in the known recycling methods. 
20 Donor wafers 10, which can foe recycled according to the particular 

operational modes of the recycling method . , al ove, are described in the 

rest of the document, they provide particularly effective protection for at least part 
of the buffer structure I during matched recycling. 

The donor wafers .10, which are shown in Figures 4, 5 and 6, each involve a 
2 5 substrate 1 and a buffer structure I, like the donor wafer 10 shown in Figure 1 . 

Each of these donor wafers 10 feather comprises a protective layer 3 located 
in the part located on the same side of the buffer structure I as the interface of the 
latter with the substrate 1. 

A protective layer 3, as defined in the present invention, is made of a 
30 material chosen from crystalline materials, such as semiconductors, so as to have 
the prime function of protecting that part of the donor wafer 10 which is subjacent 
to it, and which comprises at least part of the buffer structure I, during at l east one 
of the substance removing treatments used during the recycling. 
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j otechve layer 3 is produced by layer growth on the 

underlying growth support, for example by CVD or MBE epitaxial growth. 

In this configuration, and in a first case, the growth of the protective layer 3 
is carried out in situ, directly in continuation with the formation of the layer which 
5 is subjacent to i t the latter also in this case being advantageously formed by layer 
growth. 

in a second case, the growth of the protective layer 3 is carried out after a 
minor step of finishing the surface of the layer which is subjacent to it, for example 
by CMP polishing, heat treatment or other smoothing techniques, such that the 
10 dislocations and other defaults confined in the buffer structure I don't propagate, 
don't increase in size and don't create any slip planes, stacking defaults or other 
defaults which can decrease the quality of the buffer structure !. 

The materia! of the protective layer 3 is chosen such that there is at least, one 
means for removing substance having an ability to attack the material forming the 
15 protective layer 3 which is substantially different from the materia! of at least one 
of the two zones adjacent to the protective layer 3. 

And is thus capable of operating a selective substance removal. 

The selecti ve substance removal operated at the protective layer 3 is at least 
one of the following selective substance removal modes: 
2 0 - selective removal of the material in the zone adjacent to the protective layer 

3 and located on die side of the useful layer which has been taken off, with respect 
to the protective layer 3, the protective layer 3 forming a stop layer for substance 
removal; 

- selective removal of the material of the protective layer 3, the zone adjacent 
2 5 to the protective layer 3 and located on the side of the substrate 1 as the protective 
layer 3 forming a layer stopping substance removal. 

It is also possible, in one panicolat operation of selective substance removal 
to combine the successive operation of two selective substance removal modes for 
the same protecti ve layer 3. 
30 Thus, the layer above the protective layer 3, then the protective layer 3 are 

select! vely removed , 

Whatever the selective substance removal mode chosen for operation during 
the first recycling step, and intended to remove that pari of the donor wafer 10 
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located on the side of the taken off useful layer, there is a iayej stop] 
removal (the protective layer 3 in the ease of the first selective substance removal 
or the zone adjacent to the protective layer 3 located on die same side of the 
substrate I as the protective layer 3 in the case of the second selective substance 
5 removal). 

Thus, the stop layer acts as a barrier to the attack of substance, and in the 
same way, protects the material of the pari underlying the protective layer 3 (which 
comprises at least part of the buffer structure I). 

In some cases, it trill he desired that the protective layer 3 does not 
10 suhstann.iih disturb the cry t ■ [ogi i] hit structure of die adjacent layers, and Hi 
particular, that it does not disturb the crystalline growth of the underlying layer to 
be formed, the lattice parameter of which must, in most cases, substantially comply 
with the lattice parameter of the part underlying the protective layer 3. 

This last point is particularly important when the protective layer 3 is located 
1 S in tlie buffer structure I (shown in Figure 4). 

This result is achieved according to several embodiments of the protective 
layer 3, as explained below: 

In a frrst embodiment of the protective layer 3, the protective layer 3 is 
restricted to having its lattice parameter substantially identical to that of the zones 
20 which are adjacent to it, even if die nominal lattice parameters of these two 
materials are substantially different from that of the protective layer 3. 

Two main conditions most therefore be met for this operation to succeed: 
» the respective nominal parameters of the protective layer 3 and of the 
zone underlying it do not have values which are too different from each other, 
25 so as to avoid the appearance of defects (such as dislocations or local strains) 

in the protective layer 3; 

• die protective layer 3 must be sufficiently thin to prevent progressive 
relaxation of the strain in the thickness of the layer and/or generation of 
defects. For this, the thickness of such a protective semiconductor layer .3, 
30 made of a strained crystalline material, must, be less than a critical thickness 

known to a person skilled in the art, and especially depending on the materials 
i 3 >of the layers which are adjacent to it, and techniques 
for producing the strained layer. Critical tiiicknesses typical! ae< nte red are 
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thus less than or equal to several hundred angstroms. 
Some examples of "standard critical thickness" can be (bund m ' *High~ 
Mobility Si and Qtt stnictiires" of Friedrich Schaffler ("Semiconductor Science 
Technology" 12 (199?) 1515-1549). 
5 in a second embodiment of the protective layer 3. a material is chosen for the 

protective layer 3 which has a nominal lattice parameter substantially close to that 
of the materials forming the zones which are adjacent to it, 

Thus, unlike the first embodiment, the erystatiograpMc structure of the 
protective layer 3 is relaxed in this case. 
10 To this end, and also in order to satisfy a criterion of selectivity during 

.substance removal operated during the first recycling step, a material will, for 
example, be chosen for the protective layer 3. at least one constituent element of 
which is different from those of the materials which are adjacent thereto, while 
keeping a lattice parameter close to that of die adjacent zones, this constituent 
1 5 element is thus the main element which will determine the selectivity with respect 
•to fee adjacent layer in question. 

In a particular ease, no constituent element of the material of the protective 
layer 3 is found in the material constituting the adjacent zone, involved in the 
selective substance removal, the two materials are thus completely different. 
20 la another particular case, each different constituent element of the 

protective layer 3 with respect to the adjacent zone involved m the selective 
removal of substance may be an additional element or an element missing from the 
adjacent layer in quesStion. 

For example, it will be possible to dope a protective layer 3 having 
25 substantially the same lattice parameter as that of the adjacent zones so as not to 
substantially disturb this lattice parameter after doping. 

If the protective layer 3 consists of the same material as that of the zone 
which is adjacent thereto and involved Ln the selective substance removal, this 
doping element is the element which will then determine the selectivity ability. 
30 In the case of doping the protective layer 3, the thickness of the protective 

layer 3 most however, in some eases, remain less than a certain critical thickness, 
known to a person skilled in tire art, if it is desired that defects, such as 
dislocations, in particular of the screw type, are not to appear. 
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In a third embodiment of the protective layer 3, fee surface of a previously 
produced la , , 1 \>rm a porous layer . 

This porosiffcation may be carried out by anodization, by implantation of 
atomic species, or by any other porosificaiion technique, as described, for example, 
5 in document BP 0 849 788 A2. 

Tliis layer of porous material may produce, when at least one adjacent, 
material -may undergo a selective substance attack determined by a suitable attack 
.means, a protective layer 3- 

Tbis protective layer 3 is preferably between two adjacent layers, that is to 
10 say between the layer whose surface has been porosiffed and a layer formed, on the 
layer of porous material having substantially identical respective materials. 

Since the porosity does not substantially disturb the crystal lographic 
structure of these two adjacent layers, such a protective layer 3 therefore does not 
substantially disturb the crystaliographie structure of the donor wafer 10. 
1 5 Thus, a crystaliographie structure is obtained fox the protective layer 3 which 

is very close or even substantially identical to that of the zones which are adjacent 
thereto, the protective layer 3 therefore not disturbing the crystallography of the 
surrounding structure. 

However, in other cases., it will be possible to have a protective layer 3 
20 having some influence on die lattice parameter of the surrounding structures, the 
complete oi relative strain ot rela . i tat that the protective layer 3 is then 
capable of causing to the adjacent layers shows, in these particular cases, a 
property considered as being of minimum benefit for the downstream application. 

Several selective substance removal techniques may be operated at. the 
25 protective layer 3. 

A first selective substance removal technique consists in applying friction 
forces to the protective layer 3 in order to take off at least part of the substance to 
be removed. 

These friction forces may, for example, be applied by a polishing plate, 
30 pos bl ) i d with abrasiv< ction and/or chemical action 

The material winch forms the protective layer 3 is chosen from crystalline 
material so that there is a mechanical substance attack method having a mechanical 
attack power which is substantially different for the mater; al formi ythe protec rive 
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layer 3 than for the material of at least one of fee two zones adjacent to fee 
; • live layer 3, and thus being capable of operating at least one selective 
. n J a; i> a' ■ ^ 

The selective mechanical attack method is therefore one of the following 
5 mechanical attack methods: 

- selective mechanical attack of the material of the zone adjacent to the 
protective layer 3 and located on the side as the useful layer which has been taken 
off, with respect to the protective layer 3. 

The material of the protective layer 3 fens has properties of withstanding 
1 0 mechanical attack which are substantially greater than in the region which lies over 
it 

For this purpose, it is possible for example to harden the protective layer 3 
with respect to the overlying layer, in a manner suitable for the mechanical attack 
method chosen to remove the overlying zone. 
15 Thus, for example, it is known that carbonated Si, with a typical C 

concentration of between 5% and 50%, is harder than uncarhonated Si. 

- Selective mechanical attack of the material of the protective layer 3, the 
zone adjacent to the protective layer 3 and located on the same side of the substrate 
1 with regard to the protective layer 3 forming an etch-stop layer. 

20 

The material of fee protective layer 3 has properties of withstanding 
mechanical attack, and especially erosion, which are substantially less than in the 
zone which lies over it. 

For example, it is possible to soften fee protective layer 3 with respect to the 
2 5 underlying layer, in a manner suitable for the substance removal technique chosen 
to remove the protective layer 3. 

A second selective substance removal technique consists in chemically 
etching tin at e to be removed. 

Wet etching may be operated wit! * i i ible for the materials 

30 to be removed. 

Dry etching may also be operated in order to remove substance, such as 
plasma etching or sputtering. 

Furthermore, the etching may be solely chemical, electrochemical or 
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photo-electrochemical. 

The material which foams the protective layer 3 is chosen from the 
crystalline materials so that there is an etching fktid (a gas or a solution) having an 
ability to etch the material forming the protective layer 3 which is substantially 
5 different horn the material of at least one of the two zones adjacent to the 
; • tective layer 3 } and thus being < apable of carrying out at least one selective 
etching method. 

The selective etching method is one of the following etching methods: 

- selective etching of the material of the zone adjacent to the protective layer 
10 3 and located on the side of the useful layer which has been taken off, with respect 

to tire protective layer 3, the protective layer 3 forming an etch-atop layer; 

- selective etching of the material of the protective layer 3, the zone adjacent 
to the protective layer 3 and located on the same side of the substrate 1 with 
respect to the protective layer 3 forming an etch-atop layer. 

15 Whatever the selective etching method likely to be operated during the 

recycling and intended to remove that part of the donor wafer 10 located on the 
same side of the taken off itseful layer, there is an etch-stop layer (the protective 
layer 3 k the ease of the first etching method or the zone adjacent to the protective 
layer 3 located on the same side of the substrate 1 as the protective layer 3 in the 

20 case ol the second ;3 scth e etching method). 

Tims, the stop layer acts as a barrier to chemical etching, and in the same 
way protects the material of the part underlying the protective layer 3 (which 
comprises at least part of the buffer structure .1). 

As has already been stated above, the selectivity for removing substance 

2 5 between the material of the protective layer 3 and the material of the adjacent zone 

involved in the selective etching may be obtained by the fact that: 

- the two materials are different; or 

- the two materials contain substantially identical atomic elements, 
except for at least one atomic element; or 

3 0 - the two materials arc snbstan i ■ a.l but at least one atomic 

element in one material has an atomic concentration which is substantially 
that of the same atomic elem it int i terial; or 

- the two materials have different porosity densities. 
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With reference to Figure 4 5 the protective layer 3 is vriftin the butter 
structure I, the donor wafer 10 tiros comprises a structure consisting of the 
following four successive layers: the support substrate -1, a lower part 2' of the 
butler structure I, the protective layer 3 and the upper part 4' of the buffer structure 
5 I 

Here, the protective layer 3 makes it possible to protect the lower part 2' of 
f.i 1 ffc n ve i 

Recycling such a donor wafer 10 according to the invention consists, during 
a first step, in taking off all of the part located on the same side of the upper part. 4' 
1 0 of the buffer structure I as the protective layer 3. 

At the protective layer 3, the selective substance removal mode is at least one 
of the following selective substance removal modes: 

- removal of the material from the zone of the part 4' adjacent to the 
protective layer 3, the protective layer 3 forming a layer stopping the removal of 
15 substance: 

-removal of material from the protective layer 3, the zone of the part T 
adjacent to the protective layer 3 forming a layer stopping tire removal of 
substance, 

Whatever the selective substance removal mode likely to be operated during 
20 the recycling and intended to remove the part 4' adjacent to the protective layer 3, 
there is a layer stopping the removal of substance (the protective layer 3 in the case 
of the first selective substance removal mode or the zone of the part T adjacent to 
the protective layer 3, in the case of the second selective substance removal mode), 
thus acting as a barrier to substance attack or etching, and in the same way 
2 5 protecting the material of the lower part T of the buffer structure I. 

So that the crystailographk structure of the buffer structure I is not 
substantially disturbed, this type of protective layer 3 must have its own 
crystallography structure which is substantially identical to that of the zone 
adjacent to the buffer structure I, and must therefore be produced according to an 
30 embodiment which makes it possible to obtain this material property, such as one 
of the three embodiments already discussed. 

After the said removal of the substance lying over the lower part T of the 
buffer structure I, the recycling advantageously comprises production of a new 
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upper part 4' of the buffer structure I, and possibly of a new protecti ve layer 3 
where the latter has been removed (during the second selective substance removal 
mode mentioned above or by a treatment suitable for removing ibis layer 3). 

These layers 3 and 4' may be grown in situ or after a minor step of finishing 
5 the surface of the donor water 10 on which the gmwthfs) will take place, for 
example by CMP polishing, heat treatment or other smoothing techniques, such 
that the dislocations and other defaults confined in tile buffer structure I don't 
propagate, don't, increase in size and don't create any slip planes, slacking defaults 
or other defaults which can decrease the qualify of the buffer structure I. 
10 The lower part 2' of the buffer structure 1 is therefore preserved during 

recycling, which is not the case with the methods of the prior art. 

In a particular and advantageous configuration of the donor wafer 10, the 
lower part 2' of the buffer structure I is a buffer layer, and the upper part 4 ! of the 
buffer structure 1 is an additional layer to the buffer layer, such as the butter layer 
1.5 2 and additional layer 4 shown in Figure 1 and discussed above. 

This particular configuration has the advantage of protecting the buffer layer 
2\ that is to say, mat part of the buffer structure I which is generally the most 
difficult, the longest and the most expensive to produce. 

Since the additional layer 4' is usually formed by epitaxial growth, combined 

2 0 with fixed parameters (such as for example the concentration of the elements to be 

epitaxially grown, the temperature, the pressure, the atmosphere, the growth speed 
and rate, etc.), and is itself the subject of taking-off during the step of taking off the 
layer from the donor wafer 10, protecting this additional layer 4' by the protective 
layer 3 during recycling does not seem necessary. 
25 However, in another particular configuration of the donor wafer 10, the 

protective layer 3 can be located within the additional Layer 4' in order to protect at 
least part thereof. 

And in another particular configuration, the protective layer 3 Is formed 
inside the buffer layer 2' in order to protect only part thereof, for example the part 

3 0 which is most difficult to produce. 

With reference to Figure 5, a second donor wafer 10 according to the 
invention differs mainly from the donor wafer 10 shown in Figure 2 in that the 
protective layer 3 Is no longer located in the buffer structure I. but directly over the 
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buffer structure I. 

Furthermore, an overiayer 5 is present an the protective layer 3. in which at 
least part of a useful layer will be taken off on transfer of a layer from fee donor 
wafer 10. 

5 The composition and the crystaliographic structure of this overiayer 5 will be 

chosen depending on the physical electrical and/or mechanical properties that it is 
desired to obtain in the post-transfer structure. 

The material of this overiayer 5 may, for example, have a nominal lattice 
parameter substantially identical to that of the buffer structure I m its part adjacent 
10 to the protective layer 3. so as io preserve a substantially relaxed structure. 

The materia! of this overiayer S may also have, for example, a nominal 
lattice parameter substantially different from that of the buffer structure 1 in its part 
adjacent to the protective layer 3, and have a thickness which is sufficiently small 
so that it has to preserve the lattice parameter of the buffer structure I in its part 
15 adjacent to the protective layer 3. and thus be strained. 

The material of this overiayer 5 may again be chosen, for example, in order 
to have a structure intermediate between a strained structure and a relaxed 
structure. 

In an advantageous configuration, the overiayer 5 is produced by layer 
2 0 growth, for example by CVD or MBE epitaxial growth. 

In this configuration, and in a first case, the growth of the overiayer 5 is 
carried out in situ, directly in continuation with the formation of the upper part of 
the buffer structure 1, the latter in this case also being advantageously formed by 
layer growth. 

25 in a second ease, the growth of the overiayer 5 is carried out after a minor 

step of finishing the surface of the upper surface of the underlying buffer structure 
I, for example by CMP polishing, heat treatment or other smoothing techniques, 
such that the dislocations and other defaults confined in the buffer structure 1 don't 
propagate, don't increase in size and don't create any slip planes, stacking defaults 

30 or oil e ch can de crease the qualify of the buffer structure h 

With regard to the protective layer 3, its role in this case is to protect 
substantially ail of the underlying buffer structure I and the substrate I from the 
substance removal operated during the first recycling step. 



Hie recycling of such a donor wafer 10, after a useful layer has been, taken 
off from it x& the overiayer 5, consists, during a first step. In taking off 
substantially all of the part located on the same side of the ovedayer 5 as the 
protective layer 3, 

S At the protective layer 3 5 the selective substance removal mode is at least one 

of the following selective substance removal modes: 

- removal of the material of the ovedayer 5 adjacent to the protective layer 3, 
>i teeth layer 3 forming i layer sioppin ' > il of substance 

- removal of material of the protective layer 3, the zone of the buffer 
10 structure I adjacent to the protective layer 3 forming a layer stopping foe removal 

of substance. 

Whatever the selective substance removal mode likely to be operated during 
recycling and intended to remove the remaining overiayer 5, there is a layer 
stopping the removal of substance (the protective layer 3 in the case of the first 

15 selective substance removal mode or the zone of the upper part of the buffer 
structure I, adjacent to the protective layer 3, in the case of the second selective 
substance removal mode), thus acting as a barrier to substance etching or attack, 
and in the same way protecting the material of the buffer structure 1. 

Furthermore, if may be advantageous that foe protective layer 3 does not 

20 substantially disturb the crystallography structure of the directly underlying buffer 
structure 1, and does not disturb the crystalline growth of the overlying ovedayer 5, 
in order to preserve foe influence of the structure of the buffer structure I on the 
structure of the ovedayer 5 being grown, and is therefore advantageously produced 
according to one of the three rub. u f ilrt t Use >sed 

25 After the said removal of the substance, overlying foe buffer structure 1, the 

recycling » ttageousb compri producing a new overiayer 5, and possibly a 
new protective layer 3 in the case where the latter has been removed (during the 
second selective substance removal mode mentioned above or by a treatment 
ritabie for removing this layer 3), 

30 These layers 5 and 3 may be grown in sim or after a minor step of finishing 

the surface of foe donor wafer 10 on which foe growths) will take place, for 
example by CMP polishing, heat treatment or other smoothing techniques such 
that the dislocations and other delimits confined in foe buffer structure I don't 
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, se in size and don't create any slip planes, stacking defaults 
or other defaults which -can decrease the quality of the buffer structure I, 

With reference to Figure 6, a third donor wafer 10 according to the invention 
differs mainly from the donor wafer 10 shown in Figure 3 by ihe fact that there is 
5 an interlayer S between the buffer structure I and the protective layer 3. 

The composition and the crystallography structure of this interlayer 8 will be 
chosen as a function of the physical, electrical and/or mechanical properties that it 
is desired to obtain. 

The material of the interlayer 8 may, for example, have a nominal lattice 
10 parameter which is substantially identical to that of the buffer structure I in its part 
adjacent to its interface, so as to preserve a substantially relaxed structure. In this 
case, the interkyer 8 is an extension of the buffer structure I which may for 
example further reinforce the crystaUogfapmc rigidity of the growth surface of the 
overlayer 5. 

15 The material of this interlayer 8 may also have, for example, a nominal 

lattice parameter which is substantially different from that of the buffer structure I 
in the part adjacent to its interface, and have a thickness which is low enough to 
have to preserve the lattice parameter of the buffer structure f in its part ad jacent to 
die protective layer 3, and thus be strained. 

20 In an advantageous configuration, the interlayer 8 or ihe overlayer 5 is 

produced by layer growth, for example by CVD or MSB epitaxy. 

In ihis configuration, and in a first case, the growth of the layer in question is 
earned out in situ, directly in continuation with the formation of the underlying 
layer, the latter in tins case also advantageously being formed by layer growth. 

25 la a second case, the growth of the layer in question is earned out after a 

minor step of finishing the surface of the upper surface of the underlying layer, for 
example, by CMP polishing, heat treatment, or other smoothing techniques, such 
that the dislocations and other defaults confined in the buffer structure I don't 
propagate, don't increase in size and don't create any slip planes, stacking defaults 

30 or otlvcr defaults which can decrease the quality of the buffer structure I. 

With regard to the protective layer 3, its role in this case is to protect 
virtually the entire underlying inieriayer 8, the entire buffer structure I and the 
substrate I from the substance removal operated during the first recycling step. 



WO 2004/019404 PCT/i 82 003/004 1 43 

• 27 - 

At the protective layer 3, the selective substance removal mode is at least one 
of the following selective substance removal modes: 

- removal of the material of the overiayer 5 adjacent to the protective layer 3, 
the protective layer 3 forming a layer stopping the removal of substance; 
5 - removal of the material of the protective layer 3, the zone of the interlayer 

8 adjacent to the protective layer 3 forming a layer stopping the removal of 
substance. 

Whatever the selective substance removal mode likely to be operated during 
the reeling ;md intended to remove the remaining overiayer 5, there is a layer 

10 stopping the removal of substance (the protective layer 3 in the ease of the first 
selective substance removal mode or the zone of the interlayer 8 adjacent to the 
protective layer 3, in the case of the second selective substance removal mode), 
thus acting as a harrier to substance etching or attack, and in the same way 
protecting the material of the buffer structure 1. 

IS Furthermore, it may be advantageous that the protective layer 3 does not 

■substantially disturb the crystallographic structure of the directly underlying 
interlayer $, and does not disturb the crystalline growth of the overlying overiayer 
5, in order to preserve the influence of the structure of the interlayer 8 on the 
structure of the overiayer 5 being grown, and must therefore be produced 

20 according to one of the two embodiments already discussed. 

After the said removal of the substance overlying the interlayer 8, the 
recycling advantageously comprises producing a new overiayer 5, and possibly a 
new protective layer 3 in the case where the latter has been removed (during the 
second selective substance removal mode mentioned above or by a treatment 

2 5 suitable for removing this layer 3). 

These layers 5 and 3 may he grown in situ or after a minor step of finishing 
the surface of the donor wafer 10 on which the growth(s) will take place, for 
example, by CMP polishing, heat treatment or other smoothing techniques, 
performed such that the dislocations and other defaults confined in fee buffer 

30 structure I don't propagate, dorrt increase in size and don't create any slip planes, 
' stacking defaults or other defaults which can decrease the quality of the buffer 
structure I. 

With reference to Figures ?ato 7f s the various steps are shown of a method 
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of taking off a thin layer from and of recycling a donor wafer 10 comprising a 
protective layer 3, which uses a donor wafer 10 with a layer structure substantially 
identical to that described above with reference to Figure 4 and which therefore 
comprises, with reference to Figure 7a, a substrate 1, and a buffer structure I within 
5 which there is a protecfiv e 1 ay er 3 . 

In the example which we will study, the protective layer 3 takes off a buffer 
layer 2 and an additional layer 4 in the buffer structure I. 

In this exemplary method according to the invention, an overlayer 5 has been 
added above the additional layer 4, 
3.0 The removal that will be carried oat during this method will relate to taking 

off part of the additional layer 4 and of the overlayer 5. 

in the same way and in other structural configurations of the donor wafer 10, 
there may be several overiayers and the taking-off would then relate to the 
overlayers and possibly part of the additional layer 4, or there may be no overlayer 
15 and the taking-off would then relate to only part of the additional layer 4. 

Furthermore, it is often necessary to have a fairly thin protective layer 3: as 
already explained above, too thick a protective layer 3 could influence the 
crystalline properties of the buffer structure I, such as generating defects, for 
example dislocations, or changes in the lattice parameters. 
20 For tliis, the thickness of the protective layer 3 most be less than a critical 

thickness beyond which the undesirable effects would be obtained in this case. 

These four layers 2, 3, 4 and 5 have advantageously been formed by epitaxial 
growth according to known techniques, for example by CVD arid MBE, 

In a first case, at least one of these four layers is grown in situ, directly in 
25 continuation with the formation of the rmderlying growth support, the latter also 
being in tins case advantageously formed by layer growth. 

In a second case, at least one of these tour layers is grown after a minor step 
of finishing the surface of the underlying growth support, for example by CMP 
polishing, heat treatment or other smoothing techniques, performed such that the 
30 dislocations and other defaults confined in the buffer structure I don't propagate, 
don 1 ! increase in size and don't create any slip planes, stacking defaults or other 
defaults which can decrease the quality of the buffer structure I. 

A method of taking off a thin layer is shown in Figures 7b and 7c. 
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A first prefi rred taking off step of the invention consists in creating a fragile 
zone in the additional layer 4, in order to carry out a subsequent detachment, and 
thus separate the desired 3ayer(s), 

Several techniques that can fee operated to create such a fragile zone are 
5 presented here: 

A first technique,, called Smart-cut®, known to a person skilled in the art 
(and descriptions of which may be found in a number of works covering 
c < tg \ ifer i con 1st i; ts first tep in nplanti s < t< i 1 

species (such as hydrogen ions) with a particular energy in order to create in this 
1 0 way a fragile zone. 

A second technique consists in forming a fragile interface by creating at least 
one porous layer, as described for example in document EP-A-0 849 788. 

The fragile zone advantageously formed according to one of these two 
techniques is, in tins exemplary method according to the invention, created 
15 between the overiayer 5 and the additional layer 4 or in the additional layer 4. 

Where the overiayer 5 is thick enough, the fragile zone may be formed 
therein. In particular, this is the case where the overiayer 5 consists of a stack of 
layers. 

With, reference to Figure 7b, a second step relating to taking off a tb In layer 
20 consists in attaching a receiving substrate 6 to the surface of the overiayer 5, 

The receiving substrate 6 forms a mechanical support which is rigid enough 
to support the overiayer 5 which will be taken off from the donor wafer 10, and to 
protect it from any mechanical strains coining from the outside. 

This receiving substrate 6 may, for example, be made of silicon or of quarto 
2 5 or of another type of material. 

The receiving substrate 6 is attached by placing it in intimate contact with 
the overiayer 5 and by bonding it thereon, in which molecular adhesion, is 
advantageously carried out between the substrate 6 and the overiayer 5. 

This bonding technique, together with variants, Is in particular described In 
30 the document entitled "Semiconductor Wafer Bonding" (Science and technology, 
Interscience Technology) by Q.Y. Tong, U. Goseie and Wiley, 

If necessary, the bonding is accompanied by a suitable pretreatment of the 
respective surfaces to be bonded and/or by a supply of heat energy and/or a supply 



WO 2004/0 19404 

of an additional binder. 



- 30 - 



M IYIB2»(t.J/004 43 



Thus, for example, heat treatment applied during or just after the bonding 
makes it possible to stiffen the bonded connections. 
S The bonding may also be controlled by a bonding layer, such as silica, 

inserted between the overlayer 5 and receiving substrate 6, having particularly high 
molecular bonding abilities. 

Advantageously, the material forming the bonding face, of the recei ving 
substrate 6 and/or the material of tire bonding layer possibly formed., is electrically 
10 insulating, in order to produce an SOI structure from the taken oil layers the 
semiconductor layer of the SOI structure then being the overlayer 5 transferred 
with or without part of the additional layer 4, 

•Once the receiving substrate 6 is bonded, part of the donor wafer 10 is taken 
off at the fragile zone formed beforehand, by detaching it 
IS In the case of the said first technique (Smart-cut®), in a second step, the 

implanted zone (forming the fragile zone) is subjected to a heat and/or mechanical 
treatment, or other supply of energy, in order to detach it at the fragile zone. 

in the case of the said second technique, the fragile layer is subjected to 
mechanical treatment or other supply of energy, in order to detach it at the fragile 
20 layer. 

Detachment at a fragile zone according to one of these two techniques makes 
it possible to take off most of the wafer 10, in order to obtain a structure 
comprising possibly the rest of the buffer structure I, the overlayer 5, any bonding 
layer and the receiving substrate 6. 
2 5 A step of finishing the surface of the structure formed, at the taken off layer, 

is then advantageously operated in order to take off any surface roughness, 
^homogeneities in miokoess and/or undesirable layers, by using, for example, 
chemical-mechanical polishing CMP, etching or at least a heat treatment. 

A post-taking-off layer 7 forms the part, after teking-off, which remains 
30 above the protective layer 3, the entire wafer forming a donor wafer 10 5 to be sent 
for recycling in order to be reused subsequently during another layer taking-oft'. 

The recycling steps are shown in Figures 7d, 7e and 7f. 

With reference to Figure 7d, a first recycling step corresponds to removing 
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virtually all the post -takiag -off layer 7 and possibly removing the protective layer 
3. 

Mechanical or chemical-niechsaical attack or a suitable treatment may 
possibly and first of all be operated in order to remove part of the rest of the 
5 additional layer 4 of the post-taki»g-off layer 7, such as attack by grinding, 
polishing, CMP, chemical etching, .heat treatment and smoothing performed such 
that the dislocations and other defaults confined m the buffer structure I don't 
propagate, don't increase in size and don't create any slip planes, stacking defaults 
or other defaults which can decrease the quality of the buffer structure I. 

10 it is also possible for several of these material etching or attack techniques to 

be combined or to follow one another, such as for example a succession of attacks 
by chemical etching and by CMP, 

In all cases, the first recycling step comprises using at least one of the 
selective substance removal modes discussed above. 

25 With reference to Figures 7e and 7f, a second recycling step corresponds to 

me restoration of layers which are substantially identical to those which existed 
before taki ng -off, with the respective formations of an additional layer 4' and of an 
overlayer 5 f . 

•Furthermoie, the restoration comprises the formation of a protective layer 3 
2 0 where the latter was removed. 

The layers are advantageously restored by forming a layer according to a 
technique which is substantially identical to one of these detailed above. 

The layers 4' and 5' obtained of the donor wafer 10'" are not necessarily 
identical to the layers 4 and 5 of the donor wafer 10, it being possible for the donor 

2 5 water shown in Figure 7d to act as a substrate for other types of layers. 

In the exemplary method according the invention which has just been 
detailed, the taking-off relates to part of the additional layer 4 and the overlayer 5. 

In parallel, this example may be applied to a taking-off concerning only part 
of the additional layer 4 (die donor wafer 10 not having an overlayer 5). 

3 0 In parallel, this example may be applied to a taking-off concerning only part 

of the overlayer 5, and the recycling then comprises removing the remaining part 
of the overlayer 5. 

hi the exemplary method according to the invention which has just been 
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detailed, the protective layer 3 is located between the buffer layer 2 and additional 
layer 4. 

Obviously, this example is applicable also to cases where the protective layer 
3 Is located in the buffer layer 2 or m the additional layer 4. 
5 In genera I this example extends to the case where the protective layer 3 is 

located in the buffer structure L 

The description of the method according to the invention with reference to 
Figures 7a to 7f using a donor wafer 10 shown in Figure 2 can also be easily 
transposed to dortor wafers 10 shown in: 
10 - Figure 5 by locating the protective layer 3 between, the buffer structure I 

and the overlayer 5 instead of placing it within the buffer structure L the layer then 
being taken off at the overlayer 5. the taking-off of the substance for recycling 
ending in selective etching of the overlayer 5 with respect to the protective layer 3 
and/or in selective etching of the protective layer 3 with respect to the buffer 
15 structure I; 

- Figure 6 by adding an interlayer 8 to the donor wafer 10 by locating it 
between the buffer structure I and the protective layer 3, the layer being taken off 
at the overlayer 5, the removal of substance for recycling ending in selective 
etching of the overlayer 5 with respect to the protective layer 3 and/or in selective 
20 etching of the protective layer 3 with respect to the interlayer S. 

After recycling the donor wafer 10 according to the invention, a method of 
taking off a useful layer can then be operated again. 

Tims, in an advantageous context of the invention, a cyclic method of taking 
a useful layer off a donor wafer 10 according to the invention is operated, by 
2 5 making the following succeed each other repeatedly : 

♦ a taking-off mode; and 

♦ a recycling method according to the invention. 

Before operating the cyclic taking-off method, it is possible to implement a 
method, of producing the donor wafer 10 according to the invention with one or 
30 mote ho > ch ng thin layers on a substrate, described above 

In the remainder of this document, we present examples of t digurstioi 
donor wafers 1 ( 1 c er itcd bv a 

method according to the invention. 
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In particular, we will present materials which can advantageously be used in 
such donor wafers. 

As we have seen- a buffer structure I produced on a substrate 1 having a first 
lattice parameter has, most of the time, the prime function of having a second 
5 lattice parameter on its free face. 

Such a buffer structure 1 then comprises a buffer layer 2 making it possible to 
j r< d k c at ! ,n > i< , • il til p neii x 

The technique most often employed to obtain a bailer layer 2 having this 
property is to have a buffer layer 2 consisting of several atomic elements 
10 comprising: 

• at least one atomic element which is in the composition of the substra te 
1: and 

♦ at least one atomic element none or very little of which is in the 
substrate 1, having a concentration changing gradually within the thickness of 

15 the buffer layer 2. 

The gradual concentration of this element in the buffer layer 2 will be the 
main cause of the gradual change of the lattice parameter in fee buffer layer 2, in a 
metamorphic manner. 

Thus, in this configuration, a buffer layer 2 will mainly be an alloy. 
20 The atomic elements chosen for the composition of the substrate 1 and for 

the buffer layer 2 may be of type iV. such as Si or Ge. 

For example, in this case, it is possible to have a substrate 3 made of St and a 
buffer layer 2 made of SiGs wife a Ge concentration changing progressively with 
thickness between a value close to 0 at the interface with the substrate 1 and a 
2 5 particular value on the other face of fee buffer layer 2 . 

In another scenario, the composition of the substrate 1 and of the buffer layer 
2 may comprise pairs of atomic elements of type HI-Y, such as fee possible 
(Al } GaJ«)-(N - '-"nations. 

For example, in this case s it is possible to have a substrate I made of AsGa 
30 and a buffer layer 2 comprising As and/or Ga with at least one other element, fee 
i ittei ei s bf tween a value close to 0 at 

fee interface with the substrate 1 and a particular value on the other face of the 
buffer layer 2. 
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The composition of the substrate 1 and of the buffer layer 2 may comprise 
pairs of atomic elements of type II-VI, such as the possible (Zn,Cd)-(S f Se,Te) 
combinations. 

Below, we offer some examples of such configurations: 
5 The fast three examples particularly relate to donor wafers 10 comprising a 

substrate 1 made of Si and a buffer layer 2 made ofSiGe and other layers of Si and 
of SiGe. 

These wafers 30 are particularly useful in the case of taking off layers of 
strained SiGe and/or Si to produce SGOI, SOI or Si/SGOI structures. 
XO In this context, the type of etching solutions used differ depending on the 

material (Si or SiGe) to be etched. Thus, etching solutions capable of etching these 
materials will be classed into categories, by attributing an identifier included in the 
following list to each category: 

* SI: selective etching solutions for Si with respect to SiGe such as a 
15 solution comprising at least one of the following compounds; KOH, KH4OH 

(ammonium hydroxide), TMAH, ED? or HNO3 or solutions currently being 
studied combining agents such as HNfG 3 * HNO2H2O2.HF, IfcSO* 
H 2 S02,CH 3 COOH 5 H 2 G> and H 2 0, as explained in document WO 99/53539, 
page 9. 

20 • S2: selective etching solutions for SiGe with respect to Si such as a 

solution comprising BF:H 2 0 2 :CH 3 COOH (selectivity of about 1:1000) or HNA 
(hydrofiuoric-nitrie-acetic solution). 

• Scl: selective etching solutions for SiGe having a Ge concentration 
substantially less than or equal to 20% with respect to SiGe having a Gs 

25 concentration approximately equal to or greater than 25%, such as a solution 

c-ompri sing TMAH or KOH . 

» Sell: selective etching solutions for undoped Si with respect to Si 
doped with boron, preferably at more than 2 x 10 s5 cm*, such as a solution 
comprising EOF (ethylenediamine pyrecatechol), KOH or N?H.>. (hydrazine). 



' . tnj :kl: After recycling, the donor wafer 10 consists of: 

- a substrate 1 made of Si; 

- a buffer structure. I made of SiGe with a buffer layer 2 and an additional 
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layer 4; 

- a post-taking-off layer 7 made of Si or of SiGe which forms the rest of an 
overlayei 5 after taking < i part of the latter. 

5 The buffer layer 2 preferably has a Ge concentration progressively increasing 

from the interface with the substrate 1 , in order to make the SiGe lattice parameter 
change as explained above. 

The thickness is typically between 1 and 3 micrometers in order to obtain 
good structural relaxation at the surface, and to contain the defects associated with 
! 0 the difference in lattice parameter so that they are buried. 

The additional layer 4 is made of SiGe substantially relaxed by the buffer 
layer 2, with a Ge concentration which is advantageously uniform and 
substantially equal to that of the buffer layer 2 near their interface. 

The concentration of germanium in the silicon within the relaxed SiGe layer 
15 4 is typically between 1 5% and 30%. 

This limitation at 30% represents a typical limitation of the current 
techniques, but may be made to change in the next few years. 

The additional layer 4 has a thickness which may vary hugely depending on 
the ease, with a typical thic kness of between 0.5 and 1 micron, 
20 In the case where the post-taking- off layer 7 is made of Si, selective etching 

of the latter with respect to the additional layer 4 made of SiGe may 
advantageously be operated, with an Si-type etching solution, in order to take it 
off 

In the case where the post-taking-off layer 7 is made of SiGe and where: 
25 - the Ge concentration in the post4aking~off layer 7 is substantially 

less than or equal to 20%, and 

- the Ge concentration in fee additional layer 4 is approximately 
equal to or greater than 25%, 
selective etching of the post-taking-off layer with respect to the additional 
30 SiGe layer 4 will be operated, with an Scl~type etching solution, in order to take it 
off. 

In all cases, the last part of the post-taking-off layer 7 is thus completely 
removed by chemical means, with an etch-stop at the protective layer 3 which thus 
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forms a stop layer, protecting the underlying layers that it is desired to preserve. 



Example 2: After recycling, the donor wafer 10 is substantially identical to 
that presented in example 1, with the exception of the presence of a protective 
5 layer 3 within tilt* wafer 1 0. 

The protective layer 3 consists of: 

- strained Si; or 

- SiGe; or 

- boron-doped Si. 

10 It will be recalled that in the case where the protective layer 3 is made, of 

strained Si, the thickness of the protective layer 3 here most not exceed a critical 
thickness, 

"Urns, for example, for a protective layer 3 made of strained Si inserted 
between two SiGe layers respectively having a Ge concentration substantially 
1 5 equal to 20%, the critical thickness is typically equal to about 20 nanometres. 

In a first case, the protective layer 3 is located between two SiGe layers. 
This is especially the case where the protective layer 3 is located 'between 
two layers of the buffer structure I; or between the buffer structure I and a post- 
taking-off layer 7 made of SiGe; or in the post-taking-off layer made of SiGe. 
20 Several types of etching may thus be operated depending on tire material of 

the protective layer 3: 

- If the protective layer 3 is made of strained Si; 

V the overlying part made of SiGe is selectively etched wife an S2- 
type solution; 

25 and/or: 

/ after having removed the post-taking-off layer 7, the protective 
layer 3 is selectively etched with an SI -type solution. 

- If the protective layer 3 is made of SiGe with a Ge concentration 
approximately equal to or greater than 25% and if the overlying layer has a 

3 0 Ge concentration substantially less than or equal to 20%: 

V the overlying SiGe part is selectively etched with an Scl-type 
solution. 

- If the protective layer 3 is made of SiGe with a Ge concentration 
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substantially less than or equal to 20% mid if the underlying lay er has a Ge 
concentration approximately equal to or greater than 25%; 

/ after having removed the post-taking-off layer 7, the protective 
layer 3 is selectively etched with an Scl-type solution. 
In a second ease, the protective layer 3 is located between an underlying 
SiGe layer and an overlying Si layer. 

Tins is especially the case if the protective layer 3 is located between the 
buffer structure I and a post-taking-off Si layer 7: or between an SiGe interlayer § 
and a post-taking-off Si layer 7; or in die post-taking-off layer 7 between an SiGe 
* layer and an Si layer. 

Several types of etching may then be operated depending on the material of 
the protective layer 3; 

- If die protecti ve layer 3 is made of B-doped Si: 

V the overlying Si part is selectively etched with an Sdl-type 
> solution; 

- if the protecti ve layer 3 is made of SiGe; 

v" the overlying Si part Is selectively etched with an SI -type 
solution. 

- If the protecti ve layer 3 is made of SiGe with a Ge concentration 
i substantially less than or eqntd to 20% and if the underlying layer has a Ge 

concentration approximately equal to or greater than 25%: 

/" after having removed fee post-taking-off layer 7 S the protective 
layer 3 is selectively etched with an Scl-type solution, 
fit a 'third case, the protective layer 3 is located between two Si layers. 
; This is especially fee case if the protective layer 3 is located between an Si 

interlayer and a post-taking-off Si layer 7; or in the post-taking-oif Si layer 7. 

Several types of etching may then be operated depending on fee material of 
the protective layer 3: 

- If the protective layer 3 is made of B-doped Si: 

t V the overlying Si part is selectively etched with an Sdl-type 

solution; 

- if the protective layer 3 is made of SiGe; 

S the overlying Si part is selectively etched wife an Sl-type 
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solution; 
and/or 

/ after having removed the post-taking-off layer 7, the protective 
layer 3 is selectively etched with an S2-type solution. 

5 

B^mpis 3 Aiiei recycling, the donoi wafer 10 consists of: 

- an Si substrate 1; 

- a buffer structure I with an SiGe buffer layer 2 and an additional Ge layer 

4; 

10 - a post-taking-off AsGa layer 7 which forms the rest of an overlayer 5 after 

taking off part of the latter; 

- a protective AlGaAs layer 3 placed in the post-takmg-otf layer 7. 

The buffer layer 2 preferably has a Ge concentration increasing progressively 

15 trorn the interface with the substrate 1, in order to make the lattice parameter 
change between that of the SI substrate 1 and that of the additional Ge layer 4. 

To this end, in the buffer layer 2, the Ge concentration is made to progress 
ftom about 0 to about 100%, or more precisely around 98%, for complete 
agreement of the theoretical lattice of the two materials. 

20 in a first scenario, the selective chemical etching of the posMafcing-otf layer 

7 with a selective etching solution, such as a solution comprising citric acid 
(CgHgO?) and hydrogen peroxide having a pH between about 6 and 7 (the 
selectivity coefficient typically being 20), makes it possible to take off 
substantially all of the remaining post-taking-off layer 7, the protective layer 3 

2 5 behaving here like an etch-stop layer. 

In a second scenario, after removing part of the post-taking-off layer 7 
overlying the protective layer 3, and for an aluminium concentration in the 
protective layer 3 greater than 20%, selective chemical etching of the protective 
layer 3 with a selective etching solution, such as a solution comprising diluted 

30 hydrofluoric acid (between about 9% and 48%) (the selectivity coefficient 
typically being between 350 and 10000), makes it possible to take off virtually all 
of the protective layer 3, the underlying post-teking-ofl layer 7 behaving here like 
an etch-stop layer. 
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In a third scenario, it Is possible to make two selective etchings succeed each 
other in order to remove at least pmi of the post-taMng-off layer 7 and to remove 
the protective layer 3, 

The buffer structure I is thus preserved and is completely recycled. 

5 

Example 4 : After recycling, ihe donor wafer 10 consists oft 

- a substrate 1 comprising at least one AsGa part at its interface, with the 
buffer structure I; 

- at least part of a buffer structure I made of a Tfl-V material; 

1 0 - a post-taking-off layer 7 comprising a IXI-Y material which constitutes the 

rest of m overiayer 5 after taking-off of part of the latter. 

The prime benefit of this buffer structure I is to match the lattice parameter 
of the material of the overiayer 5 (whose nominal value is about 5.87 angstroms) to 
1 5 that of the AsGa (whose nominal value is about 5.65 angstroms). 

In the bulk ffi-V materials, and by comparing bulk InP to bulk AsGa, the 
latter is less expensive, more widely available on the semiconductor market, less 
fragile mechanically, a material from which the use of technologies with contact 
by a rear face is better known, and whose size may reach high values (typically 
2 0 6 inches instead of 4 inches for bulk inP). 

All the benefits which can be offered by such a donor wafer 10 is therefore 
seen here: this is because it makes it possible to produce an active layer of a Hl-V 
material to be transferred with a particular quality and particular properties, which 
may for example be close to properties that would have been found when 
25 producing the latter material in bulk. 

In a particular configuration of the donor wafer 10 before taking-oil, the 
overiayer 5 before taking-oil comprised InP to be taken off 

Since the bulk InP has a dimension generally limited to 4 inches, the donor 
wafer 10 gives, for example, a solution to producing an inP layer dimensioned at 
30 6 inches. 

A buffer structure 1 for producing such an overiayer 5 requires a thickness 
typically greater than one micron, and which will be made to change towards 
greater thicknesses, especially if it can be recycled according to the present 
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invention. 

The epitaxial growth fecmrique usually operated to produce such a buffer 
structure I is furthermore paitkularly difficult and expensive, it is therefore 
beneficial to be able to recover it at least partial^ taking off the useful iayei 
5 Advantageously, the buffer structure I comprises a buffer layer 2 consisting 

oflnGaAs with an in concentration changing between 0 and about 53%. 

T he buffer .structure I may further comprise an additional layer 4 made of a 
IH-V material, such as lnGaAs or InAlAs, with a substantially constant 
concentration of the atomic elements. 
3. 0 in a particular taidng-off case, the InF overlayer 5 and part of the additional 

layer 4 will be taken off in order to transfer it to a receiving substrate. 

Thus it will be possible to profit from any electrical or electronic properties 
existing between the two taken off materials. 

This is the case, for example, if the part of the additional layer 4 taken off is 

1 s made of InGaAs or of InAlAs: electronic band discontinuities between the latter 

material and In? create improved electronic mobilities in the taken off layers. 

Other configurations of the donor wafers 10 are possible, comprising other 
I1I-V compounds, such as InAiAs or the- like. 

Typical applications of such layer taking-off are HEMT or HBT 
20 ("High-Electron Mobility Transistor" and "lleterojunction Bipolar Transistor", 
respectively) production. 

Chemical etching solutions, which may be selective, suitable for removing 
some III-V materials with respect to other ffi-V materials will advantageously be 
used during the first recycling step. 

2 5 Thus, for example, in order to remove- an fnP post-taking-off layer 7 without 

removing an underlying InGaAs layer, selective etching of I»P will 
advantageously be operated with a solution comprising concentrated HQ. 



Example S : After recycling, tire donor wafer 10 consists of: 
3 0 - a substrate .1 comprising AsGa at its interface -with the buffer structure I; 

- a buffer structure I comprising InGaAs at its interface with the post-taking- 
off layer 7; 

- an InP post-taking-off layer 7 which forms the rest of an overlayer 5 after 
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taking off part of fee latter; 

- a protective layer 3 made of InxGaj^ASyPj-y placed between the post- 
taking-off layer 7 and the buffer structure I; or in the post-takmg-off layer 7. 

5 This type of donor wafer 1 0 (without the protective layer 3) has already been 

described in example 4. 

In a first scenario, the selective chemical etching of the post-iakmg-ofT layer 
7 with a selective etching solution, such as a solution comprising HF, makes it 
10 possible to take off virtually all of the remaining post-taking-off layer 7, the 
protective layer 3 behaving here Like an etch-stop layer. 

In a second scenario, after removal of the part of the post-taking-off layer 7 
overlying the protective layer 3, the selective chemical etching of the protective 
layer 3 with a selective etching solution, such as a solution comprising Ce ,v 
1 5 H2SO4, makes it possible to take off virtually all of the protective layer 3, the layer 
underlying the protective layer 3 behaving here like an etch-stop layer. 

In a third scenario, it is possible to make two selective etchings succeed one 
•another in order to remove at least .part of tire posMaking-off layer 7 and to remove 
die protective layer 3. 
2 0 The buffer structure I is thus preserved and is completely recycled. 

Example 6: After recycling, tire donor wafer 10 comprises: 

- a substrate 1 comprising AsGa at its interface with the buffer structure 1: 

- a buffer structure 1 comprising InGaAs; 

2 5 - an InP protective layer 3 located on or in the InGaAs, 

In a first scenario, the selective chemical etching of the InGaAs overlying the 
protective layer 3 with a selective etching solution, such as a solution comprising 
Ce iV & t SQ 4 , makes it possible to. take off virtually all of this material overlying the 

3 0 protective layer 3, the protective layer 3 behaving here like an etch-stop layer- 

In a second scenario, after removing the InGaAs overlying the protective 
layer 3. the selective chemical etching of the protective layer 3 with a selective 
etching solution, such as a solution comprising I IF makes it possible to take off 
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virtually all of the protec tive layer 3, the foGaAs underlying the protective layer 3 
behaving here like an etch-stop layer. 

In a third scenario, it is possible for two selective etchings to succeed one 
another in order to remove part of the MiaAs and to remove the protective layer 3. 
5 In the semiconductor layers presented in this document, other coniponents 

may be added to them, such as carbon with a carbon concentration substantially 
less than or equal to 50% or more particularly with a concentration less than or 
equal to 5% in the layer in question. 

Finally, the present invention Is not limited to a buffer structure 1 ( an 
10 intermediate layer 8 or an o vet layer 5 made of materials presented in the examples 
above, but extends also to other types of alloys of 1V-IV, lil-V, II- VI type. 

It should be specified that these alloys may be binary, ternary, quaternary or 
of a higher degree. 

The present invention is not limited either to a recyclable buffer layer 2 or 
15 buffer structure I having the prime function of matching the lattice parameter 
between two adjacent structures with different respective lattice parameters, but 
also relates to any buffer layer 2 or buffer structure I as defined in the most general 
manner in the present document and which can be recycled according to the 
invention. 

20 The structures finally obtained after taking-off are not limited either to 

SGOI, SOI, Si/SGOI structures, or to structures for HEMT and HBT transistors. 



WO 2004W1M04 



- 43 - 
CLAIMS 



PCT/!B2003/{R>4J43 



1. 1 . Method of recycling a donor wafer (10) after having taken off at least 
om u eful layei oi 3 m terial c) r> from sei on ucior materials the donor 

5 wafer (10) comprising successively a substrate (1). a buffer structure (!) and, 
before, taking-off a useful layer, the method comprising removal of substance on 
the side of (he donor wafer (10) where the taking-off took place* characterized in 
that, after removal of substance, at least a part of the buffer structure (1) remains, 
this at least part of the buffer structure (F) can then be reused as a buffer structure 
1 0 { I) for a subsequent useful Saver taking-off 

2. Method of recycling according to the preceding claim, characterized in 
that, before taking-off the buffer structure (1) comprises a buffer layer (2) and an 
additional layer (4), the additional layer (4) having : 

15 - a thickness which is great enough to contain detects; and/or 

~ a surface lattice parameter which is substantially different from that of 
the substrate (3). 

3. Method of recycling according to one of the preceding claims, 
2 0 characterized in that the removal of substance comprises the remo val of part of the 

buffer structure (3) remaining after the taking-off 

4 Method of recycling according to Chum 2, characterized in that, the 
removal of substance comprises the removal of at least part of the additional layer 
2 5 (4) remaining after taking-off 

5, Method of recycling according to Claim 1 or 4, characterized in that the 
removal of substance comprises the removal of part of the buffer layer (2). 

30 6. Method of recycling according to one of the preceding claims, 

characterized in that, before taking-off, the donor wafer (10) comprised an 
overlayer (5) which comprised the useful layer to be taken off, and in that, after 
taking-off, the removal of substance comprises the removal of the remaining 
overlayer (5). 

35 

7. Method of recycling according to the- preceding claim, characterized in that 
the thickness of the overlayer (5) lias been chosen so that, after taking-off standard 
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mechanical means for removing substance, s«ch as polishing means, can be 
operated on this overiayer (5) during the removal of substance, without removing 
■ <! - tocefroo Che mffcr structure (I). 

5 8. Method of recycling according to the claims 2 and 6, characterized in that 
Che thickness of the overiayer (5) and the thickness of the additional layer (4) have 
been chosen so that, after (aking-offl standard mechanical, means for removing 
substance, such as polishing means, can be operated on this overiayer (5) and on 
this additional layer (4) during the removal of substance, without removing 
1 0 substance from the buffer layer (2). 

9. Method of recycling according to one of the preceding claims, 
characterized in that the removal of substance comprises chemical etching. 

15 19. Method of recycling according to one of the preceding claims, 
characterized in that the removal of substance from the donor wafer (10) com prises 
selective chemical etching. 

II. Method of recycling according to the claim 2, characterized in that the 

2 0 removal of substance from the donor wafer (.10) comprises a selective chemical 

etching of the material included in at least part of the additional layer (4) relative to 
the buffer layer (2). 

12* Method of recycling according to Claim 6. characterized in that the 
25 removal of substance from the donor wafer (10) comprises a selective chemical 
etching of the first material included in the remaining overiayer (5) relati ve to the 
buffer structure (I). 

13. Method of recycling according to the preceding claim, characterized in that 

3 0 the donor wafer {1 0) compri ses: 

~ a substrate (1) of Si; 

~ a buffer structure (I) comprising an Si } , s Ge s buffer layer (2) with a Ge 
concentration x increasing with thickness between 0 and a y value, and 
an Sij.yGey layer (4) relaxed by the buffer layer (2). 

35 

14. Method of recycling according to the preceding claim combined with one 
of the Claims 6 to 8 S characterized in that, the overiayer (5) comprises SIGe and/or 
strained Si. 
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15. Method of recycling according to the claim 13 combined with one of the 
claims 6 to 8, characterized is that and in that the ovcriayer (5) comprises 
AsGa and/or Ge. 

5 

16. Method of recycling according to claim 1, characterized in that a protective 
layer Q) is further present in the donor wafer (10) so that at least a part of the 
buffer structure (I) nnderiies it; the material of the protective layer (3) being 
chosen from crystalline materials such that means for removing substance has an 

10 etching power which is substantially different for the material of the protective 
layer (3) than for the materia} of at least one of the two adjacent zones, and thus is 
able to operate a selective removal of substance. 

17. Method of recycling according to the preceding Claim, characterized in that 
15 the nominal lattice parameter of the material of the protective layer (3) is 

substantially different from the lati > ( ithat 

the protective layer (3) is thin enough to be mainly elastieafty strained by the 
nnderSying layer. 

20 18. Method of recycling according to one of fee two preceding claims, 
characterized in that the protective layer (3) is in the buffer structure (1). 

19, Method of recycling according to claim 16 or 17 and Claim 2, 
characterized in that the protective layer (3) is in the buffer layer (2). 

25 

20, Method of recycling according to claim 16 or 17 and Claim 2. 
characterized in that the protective layer (3) is between the buffer layer (2) and the 
additional layer (4). 

30 21. Method of recycling according to claim 16 or 17 and Claim 2, 
characterised in that the protective layer (3) is in the additional layer (4). 

22. Method o ! 1 6 1 1 7 r characterized in 
that the protective, layer (3) overlies the buffer structure (I), 

35 

23. Method of recycling according to the preceding claim, characterized by an 
operation of a selective removal of material of the zone overlying the protective 
layer (3), the protective layer (3) being thus a stop-layer to this removal of 
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substance. 

24. Method of recycling according to one of the two preceding claims, 
characterized by an operation of a selective removal of the material of the 

5 protective layer (3), die zone underlying tt being thus a stop-layer to the removal of 
substance, 

25. Method of recycling according to one of the two preceding claims, 
characterized m that the selective removal of substance at or near the protective 

10 lay er (3) comprises selecti ve mechanical attack; the material of the protective layer 
(3) being chosen from crystalline materials such that mechanical means has an 
attat p< , t > tntialiy different for the material of the protective layer (3) than 
for the material of at least one of the two adjacent zones and thus is able to operate 
a selective mechanical attack. 

15 

26. Method of recycling accordi -a the preceding claim characterized in that 
the selective mechanical attack is a polishing, possibly combined with the action of 
vn abi \ ive Hid >r cht ' iu 

20 27. Method of recycling according to one of the claims 23 and 24, 
characterized hi that tire selective removal of substance at or near the protective 
layer (3) comprises a selective chemical etching; the material of the protective 
layer (3) being chosen from crystalline materials such that one etching fluid has an 
etch power substantially different for die material of the protective layer (3) than 

25 for the material of at least one of the two zones adjacent to the protective layer (3) 
and thus is able to operate a selective etching. 

28, Method of recycling according to the preceding claim, characterized in that 
a mechanical attack of tit e protective layer (?) is operated in combination with the 

30 selective chemical etching so as to implement t set ctive chemical a > tnh t! 
planarization. 

29. Method of recycling according to the preceding claim or to one of the 
claims 10 to 12. characterized in that the etch selectivity between &e etched 

35 material and the stop material which "stops" etching, is obtained by employing 
determinated etch chemical species and by the fact that; 

— the two material? are different; or 

- one of the two materials is doped; or 
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~ the two materials are substantially identical, but at least one atomic 
element in one material has an atomic concentration which is 
substantially different from that of the same atomic element in the other 
material; or 

5 - the two materials have different porosity densities. 

30. Method of recycling according to the preceding claim, characterized in that 
the etched material and the stop material are together one of the following double- 
materials set : • • 



etched material 


slop material 


Si 


doped Si 


Si 


SiGe 


SiGe 


Si 


Sij- x Ge x 


Sij-vGey, vvithy^x 



10 

31. Method of recycling according to one of the preceding claims, 
characterized in that it further comprises a step of finishing the surface of the 
donor wafer (10) after the step of removing substance from the donor wafer (10), 

15 32, Method of recycling according to one of the preceding claims, 
characterized in thai it further comprises, after the step of removing substance from 
the donor wafer (10). a step of forming layer on the side of the donor wafer (10) 
where the removal of substance took place, so as regenerating the donor wafer 
(10). 

20 

33. Method of recycling according to the preceding claim and one of the claims 
4 and 5, characterized in that the step of forming layer comprises an operation, of 
forming a new part of the buffer structure (I) above fee remaining part, of the buffer 
structure (F). 

25 

34. Method of recycling according to one of die two preceding claims and to 
one of the claims 6 to 8, characterized in that the step of forming layer comprises 
an operation of forming an overlayer (5) on the donor wafer (10) so as to form at 
least one new useful layer to be subsequently taken off. 

30 

35. Method of recycling according to one of the three preceding claims, 
characterized in that the step of forming layer comprises an operation of forming in 
the donor wafer (10) a new protective layer (3) according to claim 16. 
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36, Method of recycling according to one of the four preceding Claims, 
characterized in that layers) is formed during the step of forming layer by crystal 
growth. 

5 

37. Method of recycling according to one of the preceding claims, 
characterized hi that the donor wafer (10) comprises at least one layer further 
comprising carbon at a concentration substantially less than or equal to 50%. 

10 38. Method of recycling according to one of tire preceding claims, 
characterized in that the donor wafer (10) comprises at least one layer further 
comprising carbon at a concentration substantially less than or equal to 5%. 

39. Method of producing a donor wafer (10) intended to provide a useful layer 
15 by taking-oil and capable of being recycled after taking-off according to the 

method of recycling according to one of the claims 16 to 28, characterized in that it 

comprises the following steps: 

-formation of a first pari (2') of a buffer structure (1) on a substrate (1); 
-formation of a protective layer (3) on the first part (2') of the buffer 
20 structure (I), in a material chosen from crystalline materials; 

-formation on the protective layer (3) of the second part (4') of the 
buffer structure (I), such thai it has a lattice parameter in the vicinity of 
the protective layer (3) substantially the same as that, of the first part 
(2') of the buffer structure (I) in the vicinity of the protective layer (3). 

25 

40. Method of producing a donor wafer (10) according to the preceding claim, 
characterized in that the buffer structure comprising : 

~ a buffer layer (2) ; and 

- an additional layer (4) having a thickness great enough to contain 
30 defects;, 

characterized in that the protective layer (3) is formed: 

- in the buffer layer (2), during its formation, or 

- between the buffer layer (2) and the additional layer (4), or 

- in the additional layer (4), during its formation. 

35 

41. Method of producing a donor wafer (10) according to the claim 39 or 40, 
characterized in that it further comprises the formation of m overlay©- (5) on the 
buffer structure (I) so as to form at least one useful layer. 
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42, Method of producing a donor wafer (10) being intended to supply a useful 
layer by taking-off and capable of being recycled ate taking~off according to one 
of Claims 16 to 2S, characterized In thai it comprises the following steps: 
5 -formation of a butter structure (I) on a substrate 0 ); 

-tbrmation of a protective layer (3) on the buffer structure (1) with a 

•material chosen from crystalline materials: 

-formation of an overiayer (5) on the protective layer (3). 

10 43. Method of producing a donor wafer (10) according to one of the four 
preceding claims, characterized in that the thickness of the protective layer (3) is 
controlled during its formation such that the formed protective layer (3) is thin 
enough to be substantially elastieatty strained by its underlying layer. 

I S 44. Method of producing a donor wafer (10) according to one of the five 
precedin g claims, characterized in that the formation of the protective layer (3 ) is a 
crystal growth. 

45, Method of producing a donor wafer {10} according to the preceding claim, 
20 characterized in that it further comprises an operation of doping the protective 

layer (3) such that it becomes a stop-layer of a removal of its overlying layer 
material. 

46, Method of .producing a donor wafer (10) according to the claim 44. 
25 characterized in that it further comprises an operation of porosification of the 

protective layer (3) such that its underlying layer becomes a stop-layer of its 
removal 

47, Method of taking off a useful layer on a donor wafer (10) in order to be 
3 0 transferred to a receiving substrate (6), characterized in that it comprises: 

(a) bonding the donor wafer (10) to fee receiving substrate (6); 

(b) detaching a useful layer bonded to fee receiving substrate (6) from 
the donor wafer (10), 

(c) recycling fee donor wafer complying with the method of recycling 
3 5 according to one of the claims 1 to 38. 

48, Method of taking off a useful layer according to fee preceding claim, 
characterized in that it comprises, before step (a), a step of Conning a bonding 
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layer. 

4% Method of taking off a useful layer according to one of the three preceding 
claims cl in that: 

5 - it further comprises, before step fa), a step of implanting atomic species 

through the surface of the donor wafer (10) neighbouring the buffer 
structure (1) at a determinate depth, in order to form a fragile zone at 
this depth; mid in that : 
- the step (h) is operated by supplying energy Co the donor wafer (10) in 
10 order to detach a structure comprising ie re< | and the 

useful i tgiie zone level. 

50. Method of taking off a useful layer according to one of the claim 48, 
characterized in that : 

15 - it further comprises, before step (a), a step of forming by porosifioation 

a layer in the donor wafer (10) followed by a growth of a layer (which 
will become the useful layer after detaching of step (b», the porosified 
layer forming a fragile zone inside or above the buffer structure (D; and 
m that : 

20 - the step (b) is operated by supplying energy to the donor wafer (10) in 

order to detach a structure comprising the receiving substrate (6) and the 
useful layer at the fragile zone level. 

51. Method of taking off a useful layer according to one of Claims 47 to 50, 

2 5 characterized in that, the useful layer detached during step (b) comprises part of the 

boiler structure (I). 

52. Method of cyclically taking off a useful layer from a donor wafer (10), 
characterized la that it comprises several steps of taking off a useful layer, each of 

30 the > i si th the method of takh < i m of Claim I? 

to 51, 

53. Application of the method of cyclically tafcmg-off according to the 
preceding claim or of the method of taking-off according to one of Claims 47 to 

3 5 51, for producing a structure comprising the receiving substrate (6) and the useful 

1 1 er, the useful la) cr com) v ist one of the following materials: 

SiGe, Si, an alloy belonging to the IH-V family, the composition of which is 

respectively chosen from the possible (AI,Ga4nKNJ?,As) combinations. 
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54. Application of the method of cyclically taking-off according to the Claim 
52 or of the method of taking-off according to one of Claims 47 to 51. for 
producin n r jukiior structure, a such structure comprising the 

5 receiving substrate (6) and the useful layer. 

55. Donor wafer (10) having supplied a useful layer by taking-off and capable 
of being recycled according to one of Claims 1 to 38, characterized in feat it 
successively comprises a substrate (1) and a remaining part of the buffer structure 

10 (I). 

56. Donor wafer (10) recyclable according to the method of recycling 
according to one of Claims 16 to 28, characterized in that a protective layer (3) is 
present in the buffer structure (1). 

15 

57. Donor wafer (10) according to the preceding claim, characterized in that 
before taking-off the buffer structure (I) comprises a buffer layer (2) and an 
additional layer (4), the additional layer (4) having: 

- a thickness which is large enough to contain defects; and/or 

20 - a surface lattice parameter which is substantially different from that of the 
substrate (1); 
and in that the protective layer (3) is located: 
-- in the buffer layer (2); or 

- between the buffer layer (2) and the additional layer (4); or 

2 S - in the additional layer (4). 

58. Donor wafer (10) recyclable complying with the method of recycling 
according to one of Claims 16 to 28, characterized hi that a protective layer (3) 
overlies the buffer structure (1). 

30 

59. Donor wafer (10) according to one of the three preceding claims, 
characterized m that it further comprises an over layer (5) on the buffer structure (I) 
so as to comprise at least one useful layer. 

3 5 60. Donor wafer (10) according to one of the four preceding Claims, 

characterized in that the protective layer (3) is substantially elastic-ally strained by 
its underlying layer. 
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61. Donor wafer (10) according to one of the five preceding Claims, 
characterized in that the protective layer (3) is doped. 

62. Donor wafer (10) according to the six preceding Claims, characterized in 
5 that the protective layer (3) is made of a porous material. 
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2 Bit Cell Eeprom Cell using Band to 
Band Tunneling for Data Read Out. 

Disclosed is a new non-volatile memory call that stores 2 bits of 
data in each MOSFET, The call uses channel hot-electron injection 
for writing, band to band tunnel injection of holes or electron 
detrapping for erasing, and band to band tunneling for data readout. 
The cell is especially well-suited for dense memories, which require 
a small number of read and write cycles. 

In usual electrically alterable memory cefe (EEPROMs), the state 
of the memory ceil is read by detecting changes m the channel 
current of a MOSFET, due to charges that are trapped either m a 
floating gate or in traps inside the gate insulator, instead of the 
channel current, in the disclosed ceil changes in the reverse bias 
tunnei current of the source and drain junctions are used to read the 

^lodeedjn NMOSFETs biased under accumulation (Fig. t) so that 
a hole accumulation layer 1 exists, a p+to+ tunnel diode exists at 
the source 2 and drain 3 {1 ). The reveres bias tunnel current 4,5 
through these diodes is very sensitive to the electric field in the 
gate-oxide around the drain and source junctions (2). If electrons 
are injected above either the source or drain junction, part of them 
are trapped in the gate oxide 6 and modify the electric field, and 
hence the current through the associated tunnei diode. Therefore, 
the presence or absence of electrons in the oxide above the two 
source/drain junctions can be used to store 2 bits in each MOSFET. 

The ceii is made using toe seme fabrication steps as for art 
ordinary NMQSFET, but the gate Insulator must be optimized for 
enhanced electron trapping, but low detrapping rate. Oxide nitride 
oxide <3) may be used. 

Fig. 2 shows toe two bits of the cell under typical op< 



During WRITE (Figs. 2a, 2b), hot-electrons are heated and 
injected into the oxide on the cell side on which a high voltage is 
applied. The other half of the NMOSFET is unaffected by these 
biasing conditions. The injected electrons modify toe electric fieid 
only around the injecting junction. 

During READ of the data (Figs. 2c, 2d), a negative gate voltage 
and reverse (positive) junction voltage are applied on the selected 
baif-devlce, so that a band to band tunnei current flows from the n+ 
zone to the substrate. Since this current is very sensitive to the 
electric Meld configuration only around the junction, its value 
indicates whether electrons have been injected in the half-ceil or 
not, hence toe state of the stored bit. During readout, both the gate 
and drain voltages should be kept to the smallest value necessary 
to obtain 3 sufficient readout current (necessary to discharge _ 
parasitic capacitors, hence achieve sufficient speed), but to avosd 
electron detrapping or hols injection during the readout process, 



htto://www.delphion.corn/tdbsAdb?order=92A+62603 



10/28/02 



TDB: 2 Bit Ceil Eeprom Cell using Band to Band Tunneling for Data Read Out, 



Page 2 of 5 



which would destroy the stored data {sea below). 

ERASING of the call occurs by applying the same voltages as for 
readout, but with higher amplitudes {Figs. 2e, 2f), In order to tieirap 
the trapped electrons by FN injection from the traps, if the drain 
voltage is high enough, holes that are left by electrons that tunnel 
from the valence band to the conduction band In the drain are 
heated and may be injected into the oxide. This injection will lead to 
the disappearance of the trapped electrons, hence also to the 
erasure of the ceil, but may also produce some interface states 
which will decrease the lifetime of the ceil Therefore, the drain 
voltage should not be too high during erase. 

Since the active device is contained in the gate-drain overlap 
region, the distance between the source and drain regions can be 
made as small as is practically achievable, However, a minimum 
distance has to be maintained, otherwise during WRITE, electron 
injection from one-baif of the ceil may program the other half. The 
minimum width of the device is limited by the readout current 
necessary to achieve the required speed, 

Fig. 3A shows the virtual ground matrix arrangement of the celis, 
and Fig. 38 a possible layout. The driving/decoding circuit is not 
special, except that the word line drivers must be abla to provide a 
negative potential. However, since no static current is drawn from 
them, this voltage can easily be generated on-chip. Therefore this 
eel! is well adapted for 5V-onfy memory chips. 

Fig. 4 shows the results of a test measurement on an ordinary 
NMOSFET with an ONO gate oxide, which proves the validity of the 
concept. The voitages used were: Vg « +5V, Vd « +5V for 
programming, Vg = -4V, Vd ~ +4V for erasing, Vg * -2V, Vd = +2V 
for readout, and the write/erase times were one second. Much 
shorter programming and erase times are probably achievable 
(around 10ms, depending on applied voltages), but are not shown 
here. After 45 write/erase cycles, a "write" pulse was applied at T ^ 
90s, and the readout current monitored to check data retention. A 
quite important initial detrapping occurs, but gradually slows down. 
A similar phenomenon occurs after the "erase" pulse, which is after 
about 20,000s sn Fig, 4. The initial detrapping rate should be 
minimized by optimizing the thickness of the O.N and O layers (4). 

Since the readout speed of the cell is somewhat limited by the 
parasitic capacitance and tie small readout currant, this cell is 
especially suitable for high density lower performance memory 
arrays. Therefore, it is especially well-suited as a non-volatile 
storage in solid-state hard-disk replacement, where data are stored 
in a RAM when the power is on, and are quickly transferred to the 
non-volatile memory before the power goes out. in this application, 
speed is not a major concern and density/cost is of prime 
importance. Higher speed can be achieved if a low current sensing 
scheme Is devised. 
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Abstract 

A design is presented and computer-simulated for bigh- 
mobUity Si/SiGe heterojunction CMOS transistors. Com- 
paring 0.2 ftm Si/SiGe FETs to bulk Si FETs, an increase 
is predicted in current drive of 125% and 23% in the 
P-FET and rt-PET, respectively. For given propagation 
delay (55 ns), simulated loaded ring oscillators at 1.5 V 
exhibit 4.6 times reduction in pawec-deiay-product com- 
pared to bulk Si CMOS osciilators of same design rules 
operating at 2.5 V. 

Introduction 

The use of strained Si/SiGe quantum wells promises to 
improve the performance of silicon MOSFETs by offer- 
ing higher electron and bote mobilities (1,2), Si/SiGe 
p-MOSFETs have been fabricated by various groups (3- 
6). Wclser, ot, ah (6) have discussed the possibility of 
combining surface- or buried-cbannel NMOS with, corre- 
spondingly, buried- or surface-channel PMOS in Si/SiGe 
in order to achieve CMOS action. 

We propose & design for Si/SiGe heterojunction CMOS 
{HCMOS} which, uniike previous proposals, is planar and 
avoids inversion of the parasitic surface channel within 
the designed operating voltage range. We present results 
of simulations which demonstrate the feasibility of this 
design. The performance leverage of high-mobility de- 
vices over equivalent bulk silicon NMOS and PMOS at 
0.2 fim effective channel length is predicted by 2-D fay- 
drodynamic simulation. The suitability of a high-mobility 
CMOS for low-power applications is demonstrated using 
dynamic simulations of ring oscillators. 

Layer Design 

Fig. l shows a schematic cross section of the proposed 
layer struct 1 . gn provides for both a compres- 
siveiy-strained SiGe hole channel and a tensely-s; rained 
Si electron channel in a single planar structure. The lay- 
ers are grown upon a fow-defect-density {1 x 10 s cm" 2 ) 
relaxed SiGe buffer achieved using a graded buffer tech- 

*ReseBrch Staff Member Emeritus 



rsique (?). The p-wel! is irt-situ doped during growth of the 
relaxed buffer, while the n~well is created by ion implan- 
tation prior to growth of the channel layers. An undoped 
spacer is grown above the well doping in order to adjust 
the threshold voltage. 

As Shown in Pig. 1(b), an n-type S-doped layer is used to 
bend the energy bands so as to avoid inversion of the low- 
mobility silicon surface channel. The strained Si electron 
channel is separated from the £-doped layer by an un- 
doped setback to minimize ionized imparity scattering. A 
graded Ge content is utilized in the strained Ss$„»Ge < hole 
channel in order to minimise surface roughness scattering 




w 




Fig, I; (a) Gross section oi proposed Si/SiGe HCMOS technol- 
ogy, (b) Schematic close-tip of channel layers and conduction 
band and valence band for gate bias just above Vr, For more 
accurate band structure, see Fig. 4. The i- notation indicates 
intrinsic and undoped. 
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Fig. 2; Analytical calculation of RNMOS and KPMOS Vr as 
a function of weii doping aad undoped spacer thickness. 
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Fig. 4: {») Conduction band under w*o and 1.5 V gate bias 
for HNMOS. (b) Valence band under zero «wi -1.5 V gate bias 
for HPMOS. 
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Fig, 3: 2-B numerical calculation of Vr v& channel length at ^ ^ 
Vas = 50 mV. Shown for comparison is the long-channel value 
predicted by * 1-0 analytical model. 
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Fig. 5: (a) Electron dea > gate bias as a fi . 

from the SiOj/Si interface, (b) Hole density under 



-1.5 V g 



s as a function of distance frora the SiOa/Si 



by shifting carriers downwards, away from the oxide. The 
03. f r ! t t- a th of a b i vjuaiii i .m > 

An m-situ <ioped p + poly-Si gate is used for both devices. 
Different, from bulk Si technology, strained Si/SiGe lay- 
ers cannot be subjected to prolonged high temperature 
proses i pr ra on aw 

Ge diffusion. As shown in Fig. 1(a), the devices can be 
isolated by shallow trench isolation. 

Near symmetrical NMOS/PMOS W can be achieved with 
the. proposed structure. Fig. 2 shows Vt as a function of 
well doping and undoped spacer thickness 83 predicted by 
al-Danalyt r. t - < >xide thickness is 5 nm. For 
the simulations, we have chosen a well doping of 3.0 x 
10 lT cm" 3 and a spacer thickness of 30 am for both de- 
; a Song channel \ V T \ of around 
0.4 V. Fig. 3 shows \%'t\ as a function of channel length for 
this well doping as calculated by a 2-D device simulator. 

Fig. 4 shows energy band diagrams of n- and p-chmnel 
devices under positive (1.3 V), zero, and negative (-1.5 V) 
gate bias as computed jv v -< 

r * . U uiation. Both devices operate in enhance- 
ment mode as required. Fig. 5 shows the electron and 
i t i positive and nej 



spectively, comparing an analytical model to a quantum 
mechanical calculation. The analytical model is a first or- 
der approximation to the charge distribution, represent- 
ing it as an average value within the quantum well. The 
model does not consider carrier population of the SI cap 
layer. The quantum mechanical calculation, on the other 
hand, shows the more acxtiratp distribi oris and points 
out the formation of a parasitic surface channel at high 
gate bias. As 3hown in Fig 8, however, the integrated 
charge density in that paras.! ; > 
order of magnitude less than in the Si channel within the 
designed operating bias range (|Vfcs! < 1.5 V). 

Transport Modeling 

Figs. 7 and S show fxt-Vos &mi Id-Vgs characserisiics, re- 
spectively, of L*a = 0.2 pta, i m =5»m Si/SiGe HNMOS 
and HPMOS devices as calculated with MEDICI (9) using 
fusion (D/D) at ivdrodynan oils Also 
sh'-wn for comparison a Fiji ? are sinrm tied cl r; t i 
istics of bulk NMOS and PMOS - -» having the same 
geometry and threshold voltage as their Si/SiGe coun- 
terparts. \ conservath i. is a uncd: 
600 tium for HNMOS and bulk NMOS, arid 1800 U/iUi 
for HPMOS and hulk PMOS. The St cap layer was treated 
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Fig. 6: laeegmed charge density as a function of gata voltage. 

as an insulator with, the same * as in St. 

The high-mobility Si/SiGe devices exhibit an increase in 
current drive as compared to the bulk Si devices: 23% for 
the n-FET and 125% for the p-FET at \V GS \ ~ 1.5 V. 
la addition, the Si/SiGe devices saturate at low drain 
bias: HNMOS at 0.4 V and HPMOS at- 0.8 V. Extrinsic 
traiisooitductaaces of the HNMOS and HPMOS are 441 
and 288 mS/mm, respectively, at \V as \ -= \V GS \ - 1.5 V, 
an increase of 27% and 122% over bulk NMOS and PMOS, 
respectively, with same oxide thickness, channel length 
and series resistance. 

In order to make a realistic comparison between Si/SiGe 
aitd balk, Sow field mobilities and transverse and parallel 
field dependence of mobilities were calibrated to available 
data. The simulation assumed low-held mobilities of 2500 
and S00 cmVYs for SiGe HNMOS and HPMOS, respec- 
tively, based on measured results in layers of similar de- 
sign (2,3). The surface mobility of bulk devices followed a 
universal-curve dependence on perpendicular field, which, 
along with the parallel field dependence, was calibrated 
to experimental data from bulk MOSFETs (10). In the 
case of Si/SiGe devices, mobility was taken to be inde- 
pendent of perpendicular field, with the justification that 
the carriers are confined in a quantum well away from the 
orfoce and the attendant surface rough- 
ness scattering. In the drift/diffnsion solution, the same 
velocity saturation model was used for Si/SiGe devices as 
For bulk; the same value for saturated velocity was used 
for Si and SiGe materials (I0 T cm/s for both electrons 
and holes). In the hydroriynamic solution, the carrier 
tempei attire dependence of mobility was derived from the 
i e reity saturation model so that the two 
solution types coincided in the limit of uniform electric 
geld. 

Pig. & shows effective carrier velocity (g*./WC*«* where 
9m is the extrinsic traitsconduoance, W is the gate width, 
and C<* represents the effective capacitance per unit area 




dfairtbiasW 

Fig. 7; Br&ia current vs. drain bias at three gate bias values: 
HNMOS (a) mid HPMOS (h) vs. Wk Si. Also sWa is the 
comparison between the tfrifi-diffusioij and the hvdrodvnaaiic 
calculation for HNMOS aad HPMOS. 




gate bias* (V) 

Fig. 8: Drain current vs. gate bias characteristics of HNMOS 
and HPMOS at four different values of drain bias. 

between the gate polysilicon and the buried channel) plot- 
ted as a function of drain-induced harrier lowering, or 
DfBL {8Vr/&V£)$}. For comparison, «■ 
art bulk NMOS technologies are shown. Lower series re- 
sistances of 300 arid 300 fi/mt for HNMOS and HPMOS, 
respectively, were assumed in go i th figure or,\y. 
The higher electron mobility in the HNMOS results in 
higher effective carrier velocity than achievable in balk 



IEDM 95-763 




SV^Vog (mV/V) 

Fig. 3: Effective carrier velocity (g^/WCax) as a fttactioa of 
DIBL (3Vt/Wds). The data points are labeled -with effective 
channel lengths. Tie HPMOS joints have effective lengths 
corresponding to the HffMOS poiats. 

NMOS, Velocity overshoot is predicted to occur for chan- 
nel lengths less than 0.15 *hb. Note that the HPMOS 
curve matches the performance of bulk NMOS. 

Circuit Modeling 

Fig. 10 shows the power-delay-prodnct vs. stage delay of 
a simulated U-stage inverter ring oscillator, comparing 
= 0.2 m» Si/SiGe HCMOS to bulk St CMOS for 
'1 and loaded (Cx = 10 fF) cases. The HSPICE 
(Meta-Software) program was used with level 28 (mod- 
ified BSIM) MOSFET models which were fitted to our 
simulated data. In the unloaded case, minimum size de- 
vices (W p = W n = 1.0 jon.) were used, while in the loaded 
case, a ratio of 2.5:1 W p :W n was used. The fan-in and 
fan-oat were both one. 

The high carrier mobility of the HCMOS results in a 8.4 




Fiji 10 Power-delsy-product vs stag* d . 

KfOS and bulk Si CMOS. The correspond; a g drain bias values 

are iadkawKi on. the curves. 



times improvement in power-delay-product at a stage: de- 
lay of 28 ps for the unloaded case, and a 4.6 times im- 
provement at a delay of 55 ps for the loaded case. A 
micimum delay la demonstrated of 22 ps for the unloaded 
Si/SiGe HCMOS running at 1.5 V. Note that this perfor- 
mance cannot be matched fay bulk Si CMOS of the same 
channel length within its breakdown limits. 

The circuit performance advantage res - , i 

the increased current drive of the Si/SiGe p-PET, though 

the a-FET also contributes. In addition, since much of 

the switching cycle occurs r.A l, r r > v i i >r 

saturation of the drain current with drain voltage of the 

high-mobihtj- devices a a ributes to the faster sv. t> u 

speed. 

Gonclusioa 

A planar design is proposed ibj 1 :ium,^ SiGi ael 
erojunetiors CMOS technology. Device and circuit simu- 
lations show the performance leverage of this technology 
over balk Si CMOS for L eff = 0.2 im, The simulations 
also address the general issue of the importance of mobil- 
ity in sub-micron device performance (U), showing how 
the benefits of increased mobility persist at = 0.2 fim 
despite the onset of velocity saturation. 
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